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ABSTRACT
The Early Triassic records a ~5 My period of marine biological recovery
following the end-Permian mass extinction (EPME, ~252 My). Global oceans
were characterized by warm sea-surface temperatures (SSTs), widespread
anoxia, and major perturbations to the carbon cycle, the collective result of
repeated massive Siberian Traps eruptions and associated global climate
feedbacks. Globally widespread microbial deposits (stromatolites, thrombolites)
developed in shallow marine environments. Several marine isotope records (C,
O, S, U) indicate repeated, large-magnitude shifts related to paleoceanographic
events during the recovery of marine ecosystems following the EPME.
Chapter 1 describes and interprets a widespread (~400 km along strike)
Smithian (~251-250 Ma) shallow marine microbial carbonate mound complex,
with facies and morphological variation across the shelf related to local
environmental conditions (accommodation space, terrigenous influx). Many
iii

authors link Lower Triassic microbial deposits with global SST/anoxic events;
results of this study indicate that the primary control on microbial deposition in
Utah were local environmental conditions related to transgression (increased
accommodation, reduced detrital influx).
Chapter 2 reconstructs the timing of microbial carbonate accumulation in
Utah (~600 km along dip) to determine a relationship with any specific Smithian
paleoceanic event. The temporal reconstruction is conducted using new carbon
isotope (δ13Ccarb) trends and existing ammonite biostratigraphy. Results indicate
that microbial limestone deposition was time-transgressive with a protracted (~1
My) transgression, which implies that microbial deposition was not associated
with any specific Lower Triassic SST/anoxic event or C-isotope excursion.
Chapter 3 reconstructs a high-resolution Lower Triassic marine δ34S
record using carbonate-associated sulfate (CAS) from the western U.S. (eastern
Panthalassa), which indicates three large, positive δ34SCAS excursions. The
timing of positive and negative δ34SCAS shifts corresponds with existing data from
South China (Tethys), indicating a global seawater δ34S record. Positive δ34SCAS
shifts are interpreted to result from massive increases in pyrite precipitation by
anaerobic sulfur-reducing bacteria beneath globally expanded oxygen minimum
zones; coeval positive δ13Ccarb shifts suggests contemporaneous preservation
and burial of organic matter. Positive δ34S excursions do not match the timing of
eustatic sea level changes, SST trends, redox histories of regional basins, or
globally distributed shallow marine microbial deposits.
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CHAPTER 1
FACIES ARCHITECTURE AND ACROSS-SHELF VARIABILITY OF A LOWER
TRIASSIC (SMITHIAN) MICROBIAL MOUND COMPLEX IN THE WESTERN
U.S.

Brad Jeffrey1, Maya Elrick1, Viorel Atudorei1, Spencer G. Lucas2

(1) Earth and Planetary Sciences, University of New Mexico, Albuquerque, New
Mexico 87131, United States
(2) New Mexico Museum of Natural History, 1801 Mountain Rd. NW, Albuquerque,
New Mexico 87104

ABSTRACT
The facies architecture of a Lower Triassic shallow marine microbial
carbonate mound complex is described and interpreted across southern Utah
along a ~400 km oblique-strike transect. Results indicate a relationship with a
Smithian (~251-250 Ma) transgression in the western U.S. The Early Triassic
records a ~5 My interval after the end-Permian mass extinction (EPME, ~252
Ma), during which time marine microbial carbonates occur globally. These global
microbial deposits are often interpreted with respect to a return of deleterious
ocean conditions such as those which occurred immediately after EPME, such as
anoxia and/or elevated sea-surface temperature (SST). However, the vast
majority of previous studies report microbial deposits from individual locations
and lack sequence stratigraphic context. In the western U.S., the microbial
limestone interval consists of a 3D network of laterally linked domal mounds (1-2
m tall), associated with basal transgressive deposits above a regional Permian1

Triassic unconformity. Their widespread occurrence, across middle, inner, and
inner-most shelf regions (~400 km) enables across-shelf comparison and
interpretation of regional environmental controls on their formation, including
depositional environment and energy, water depth, accommodation history, and
terrigenous siliclastic/carbonate influx.
Microbial limestones were described along extensive outcrops along
canyon walls that enable 3D reconstruction of microbial mound morphology
and associations with non-microbial facies. Microbial facies are composed
predominantly by peloids and are associated with thrombolite and
stromatactis cavities with sparse bivalves and gastropods. Across the study
area, the microbial limestone interval is associated with underlying
transgressive conglomerate and calcareous siltstone, and overlying
regressive silty peloidal limestone and dolostone, ooid-quartz packstone, and
quartz-skeletal grainstone. Middle shelf mounds (1-2 m) are predominantly
microbial peloid-oncoid boundstone, whereas inner shelf mounds (0.5-1 m)
are predominantly microbial laminite with increased silt and dolomite.
Widespread microbial carbonate precipitation and upward mound growth
occurred during a period of increased accommodation and reduced
terrigenous influx related to transgression and maximum flooding, and
across-shelf variation is interpreted to reflect local changes in
accommodation space and terrigenous influx. The microbial deposits are
associated with sparse, low-diversity fossils, lack evidence for deposition
under anoxic or highly alkaline conditions, and occur in a broad, shallow
2

shelf, precluding an origin related to upwelling. Rather, colonization of the
seafloor by microbes during the first Smithian transgression occurred under
normal seawater conditions, which likely included reduced overall metazoan
competitors/grazers following the EPME.

INTRODUCTION
The Early Triassic (~252-247 My) is a unique time interval because it
records the biologic recovery after the biggest extinction in Earth history (endPermian mass extinction or EPME), and it chronicles the responses to continuing
adverse environmental conditions that affected the globe for several million years
after the EPME. The adverse conditions include elevated to lethal sea-surface
temperatures (SST; Sun et al., 2012), episodic marine anoxia that at times
shallowed to the surface (Grasby et al., 2013), large perturbations in the carbon
cycle (Payne et al., 2004), and proposed upwelling-induced increases in
seawater alkalinity and carbonate saturation (Woods et al., 1999). Coincident
with these Early Triassic environmental perturbations is the global occurrence of
microbial deposits (thrombolites, stromatolites, calcimicrobialites, microbial
peloids) found in open-marine, deep through shallow subtidal, and intertidal
environments (Fig. 1A; Schubert and Bottjer, 1992; Lehrmann et al., 1999, 2001;
Woods et al., 1999; Ezaki et al., 2003; Pruss and Bottjer, 2004; Baud et al., 2005,
2007; Kershaw et al., 2011, 2012). The abundance and global distribution of
these microbial deposits is commonly attributed to the decrease in metazoan
competition/grazers at the EPME and their ability to persist and thrive despite
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deleterious oceanographic and climatic conditions (i.e., ‘disaster forms’; Schubert
and Bottjer, 1992; Pruss et al., 2004).
The link between adverse Early Triassic paleoceanographic conditions
and the development of globally distributed microbial carbonates is based mainly
on the temporal (rather than spatial) coincidence between microbial deposits and
proxies for SST (oxygen isotopes; Chen and Benton, 2012; Chen et al., 2014;
Fang et al., 2017), anoxia (lithologic, biologic, and geochemical tracers; Ezaki et
al., 2003, 2008), and carbonate facies suggesting elevated alkalinity/saturation
(ooid-rich carbonates, carbonate crystal fans; Woods et al., 1999; 2007).
However, arguments supporting cause and effect are best made using direct
spatial/stratigraphic relationships; for example, observations of microbial deposits
interbedded with anoxic facies, SST data derived directly from microbial deposits,
geochemical proxies indicative of upwelling, or paleogeographic reconstructions
conducive for upwelling.
This study documents the occurrence of a Smithian microbial carbonate
complex across a >400 km wide middle to inner-most shelf transect, and
assesses its development with respect to accommodation changes, terrigenous
sediment influx, and local redox trends.

4

Figure 1. Regional and global context of the study area. (A) Global
paleogeographic reconstruction for the Early Triassic (modified from Blakey,
2011), showing locations of previously described Lower Triassic microbial
deposits (after Baud et al., 2007). (B) Study locations across southern Utah in
the middle, inner, and inner-most shelf. (C) Schematic geologic cross sections
5

(modified from Lucas et al., 2007a) reconstructed along offshore transects
indicated by gray lines on (B), showing marine tongues of the Thaynes Group
(shaded gray) into the continental Moenkopi Group. Smithian microbial deposits
in this study (circled M) occur with a marine transgression above the regional
Permian-Triassic unconformity (wavy line), and are overlain by beds containing
the uppermost Smithian ammonite Anasibirites kingianus (spiral symbol; Lucas et
al., 2007a; Brayard et al., 2013) and the Smithian-Spathian boundary (dashed
line). Modified geologic time scale after Burgess et al. (2014).

GEOLOGIC BACKGROUND

Global context
Early Triassic global paleogeography was dominated by the Pangean
supercontinent, the expansive Panthalassan ocean, and the low-latitude Tethys
sea (Fig. 1A). Massive Siberian Trap volcanism coeval with the EPME and
continuing into the Early Triassic (Campbell et al., 1992; Kamo et al., 2003;
Reichow et al., 2009; Burgess and Bowring, 2015) triggered hothouse climatic
conditions and a cascade of devastating paleoenvironmental changes, including
global microbial carbonates (Wignall and Twitchett, 1996; Kidder and Worsley,
2004; Galfetti et al., 2007; Payne and Kump, 2007; Algeo et al., 2011; Winguth
and Winguth, 2012; Payne and Clapham, 2012).
The majority of previously reported Lower Triassic microbial deposits
focus on earliest (Griesbachian) occurrences in low-latitude Tethyan regions
(South China, Iran, Turkey, Oman) (Sano and Nakashima, 1997; Lehrmann,
6

1999, 2001; Ezaki et al., 2003, 2008; Baud et al., 2005; Hips and Haas, 2006;
Kershaw et al., 2011, 2012). Subsequent studies have reported Dienerian,
Smithian, and Spathian occurrences from the Tethyn region (Lehrmann, 1999,
2001; Pruss et al., 2006; Woods and Baud, 2008; Fang et al., 2017), high-latitude
Panthalassa regions (Greenland, Wignall and Twitchett, 2002; British Colombia,
Sano and Nakashima, 1997; Australia, Chen et al., 2014), and eastern tropical
Panthalassa (western U.S.; Schubert and Bottjer, 1992; Woods et al., 1999,
Pruss et al., 2004; Mary and Woods, 2008; Brayard et al., 2011).
Smithian microbial carbonates, the focus of this study, occur globally and
are summarized in Table 1. Whereas global similarities occur among microbial
facies, geometries, and associated non-microbial facies, microbial deposits in
Utah are extremely widespread (~400 km along strike), and represent deposition
across middle, inner, and innermost shelf regions (Fig. 1B).
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Location

Microbial
geometry

Microbial facies

South
China,
(Guizhou
Province)

Domes,
conical
mounds
(10 cm –
1.5 m
thick)
Domes,
columns,
and
conical
structures
(30 cm
thick)
Lenses
(0.5-1 m
thick)

Renalcis
calcimicrobialite

South
China
(Hubei
Province)

Oman

Western
Australia

Domes
and
digitate
high-relief
columns
(0.2-0.6
m tall)

Associated
non-microbial
facies
Peloidal, ooid,
and skeletal
grainstone

Depositional
environment

Reference

Shallow
subtidal

Lehrmann
et al.,
1999

Microbial
bindstone

Ooid
grainstone

Shallow
subtidal

Fang et
al., 2017

Microbial
laminite,
thrombolite,
Frutexites
calcimicrobialite
Siliciclastic-rich
microbial
laminite

Breccia, shale

Anoxic
offshore

Conglomerate,
sandstone,
shale

Intertidal to
deep
subtidal

Baud et
al., 2007;
Woods
and Baud,
2008
Chen et
al., 2014

Table 1. Global Smithian microbial deposits.

Regional context
In western tropical Pangea (western North America), subductiongenerated uplifts of the Sonoma orogeny and an associated marine foreland
basin was filled by a Lower Triassic succession of southeastward-thinning marine
siliciclastics and carbonates (Fig. 1; McKee, 1954; Kummel, 1954; Stewart et al.,
1972; Collinson et al., 1976; Blakey, 1979; Nielson and Johnson, 1979; Carr and
Paull, 1983). Coeval landward deposits include peritidal carbonates and fluvial
and deltaic siliciclastics that accumulated from northwestward- to westward8

flowing fluvial systems (Blakey, 1974; Ochs and Chan, 1990; Nielson, 1991;
Baker and Huntoon, 1996). The intertonguing relationships indicate three Early
Triassic transgressions and regressions (Fig. 1C; Carr and Paull, 1983; Dubiel,
1994; Paull and Paull, 1993; Lucas et al., 2007a).
Three Early Triassic My-scale eustatic sea-level cycles are recorded in the
foreland basin deposits in Utah and adjacent states (Embry, 1988). The initial
Griesbachian-Dienerian transgression only flooded as far south as northern Utah
and is represented by mixed siliciclastic-carbonates of the marine Dinwoody
Formation and continental Woodside Formation overlying the Upper Permian
Phosphoria Formation (Kummel, 1954; Paull and Paull, 1983). The subsequent
Smithian transgression and maximum flooding (focus of this study) was the most
extensive of the three, reaching as far south as southern Utah, and is
represented by the Timpoweap Formation of the Thaynes Group in southwestern
Utah (Blakey, 1979; Nielson and Johnson, 1979; Lucas et al., 2007a, Krainer, et
al., 2007) and the Sinbad Formation of the Thaynes Group in east-central Utah
(Dean, 1981; Goodspeed and Lucas, 2007; Lucas et al., 2007b). The final
Spathian transgression and maximum flooding is recorded by the Virgin
Formation in southern Utah and southeastern Nevada (Poborski, 1954).
Based on facies characteristics observed in this and previous studies,
Smithian deposits in southern Utah are subdivided into middle shelf (Timpoweap
Formation, southwestern Utah), and inner through inner-most shelf (Sinbad
Formation, southeastern Utah) environments (Fig. 1). Middle shelf settings
(Virgin River and Hurricane Cliffs study sites) include the major erosional
9

Permian-Triassic (P-T) unconformity separating the Middle Permian Kaibab
Formation from the overlying Lower Triassic Rock Canyon Formation (Nielson,
1991), which is overlain by the Timpoweap Formation (Stewart et al., 1972;
Nielson and Johnson, 1979; Blakey, 1979; Lucas et al., 2007a, Krainer, et al.,
2007). Inner shelf (Torrey area) and inner-most shelf (San Rafael Swell) settings
include the P-T unconformity separating the Middle Permian Kaibab Formation
from the overlying Lower Triassic Black Dragon Formation (Ochs and Chan,
1990; Baker and Huntoon, 1996), which is overlain by the Sinbad Formation
(Stewart et al., 1972; Dean, 1981; Goodspeed and Lucas, 2007). A previously
unreported study locality in south-central Utah (Kaibab Gulch) contains
transitional features between middle and inner shelf settings.
Lower Triassic microbial deposits in Utah have been previously described in
the Hurricane Cliffs (Blakey, 1979), Virgin River (Nielson and Johnson, 1979;
Lucas et al., 2007a; Krainer, et al., 2007; Olivier et al., 2014), Torrey area (Dean,
1981; Olivier et al., 2016), San Rafael Swell (Goodspeed and Lucas, 2007), and
offshore localities in central Utah (Brayard et al., 2011, 2013; Vennin et al., 2015).
In contrast to these previous reports, this study documents a widespread
microbial mound complex that developed across southern Utah, describes and
interprets microbial facies architectures across inner-most through middle shelf
environments, and interprets causes for abundant microbial carbonate deposition
in Utah.

10

METHODS
Smithian microbial limestones and associated facies were described from
12 localities along a ~400 km oblique-strike transect of the southern Utah shelf
(Fig. 2). Extensive meandering canyon networks at each outcrop locality
enabled three-dimensional reconstruction of Smithian facies and bedding
geometries. Microbial and associated non-microbial facies were defined based
on grain type, sedimentary and biologic structures, fabrics, bedding geometries,
and facies associations. Stratigraphic sections were measured at a cm-dm scale
in a sequence stratigraphic context, and bedding morphologies were observed
and described laterally along canyon walls. Individual microbial mounds were
sketched, photographed, and sampled. Petrographic analyses were performed
on ~200 polished slabs, ~40 thin sections, and 6 samples for SEM analyses.
Petrographic results, and stratigraphic stacking and thickness patterns were used
to interpret depositional conditions and accommodation history before, during,
and after microbial carbonate accumulation.

SMITHIAN MICROBIAL CARBONATE INTERVAL
Across the study area, the microbial carbonate interval ranges in thickness
from less than 0.5 m to 15 m and is composed of an underlying non-mounded
microbial interval overlain by a mounded microbial interval (Fig. 2). The microbial
interval is Smithian in age based its occurrence with the second transgression in
the western U.S. basin above the regional P-T unconformity, and occurrence of
middle Smithian Owenites sp. and late Smithian Anasibirites kingianus sp.
ammonites in beds directly overlying the microbial interval (Figs. 1C and 2; Lucas
11

et al., 2007a, 2007b; Brayard et al., 2013). The non-mounded microbial interval
includes two facies: silty microbial laminite and pebbly peloid-oncoid boundstone.
The overlying mounded microbial interval includes three facies: peloid-oncoid
boundstone, microbial laminite, and thrombolite.
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Figure 2. Basal Smithian depositional sequence across the ~400 km study area,
showing sections from the middle, inner, and inner-most shelf areas, correlated
along the maximum flooding zone (MFZ) datum. Note that the MFZ between the
three regions is not the same age; instead, the MFZ youngs toward the east
(discussed in Chapter 2). Detailed stratigraphic columns are provided in the
Supplementary Materials.

Mounded microbial interval
In middle shelf settings, microbial mounds are 0.5 to 2 m tall (average = 1
m), 1-3 m in diameter, and are laterally linked over distances of 2-10 meters to
adjacent mounds by microbial intermound beds (Figs. 3 and 4). Internal beds
within both mound and intermounds are 10-30 cm-thick and are composed of
light gray to reddish gray microbial peloid-oncoid boundstone with abundant
stromatactis cavities and fenestrae, along with rare, thin thrombolite layers/crusts
and microbial laminite facies. In inner shelf settings, microbial mounds are
thinner (average = 0.5 m) and narrower (<2 m) than mid shelf mounds and are
dominated by tan dolomitized microbial laminites (i.e., domal stromatolites) with
stromatactis and fenestrae (Fig. 5). They are laterally linked over 2-10 m
distances to adjacent mounds by flat-lying microbial laminites. In both inner and
middle shelf settings, the mounds are circular in plan view rather than displaying
any elongation. In middle shelf settings, where the mounded microbial interval is
locally thinner, the mound tops are truncated and onlapped by overlying beds
(Fig. 3).
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Figure 3. Outcrop photos showing lateral stratigraphic relationships in the middle
shelf, along the Virgin River. (A) The Permian Kaibab Formation (PK) is overlain
by the Rock Canyon Formation (RC) at the regional P-T unconformity (lowermost
thick line). Microbial deposits consist of a lower non-mounded interval (nm) and
an upper mounded interval (mm). Individual mounds are indicated by dashed
lines. The microbial limestones are overlain by silty peloidal limestone/dolostone
(spl), ooid-quartz packstone (oqp), and quartz-skeletal grainstone (qsg),
separated by thin lines. Note the thinning of the microbial interval over ~100 m;
view is to the north. The Smithian marine deposits are overlain by the nonmarine Moenkopi Group (MG, above uppermost thick line), which is overlain by
the Middle Triassic Shinarump Formation (SC). (B) Laterally linked microbial
mounds (outlined with boxes), using the same abbreviations as (A).
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Figure 4. Outcrop photos of middle shelf microbial mounds from the Virgin River
area composed predominantly of microbial peloid-oncoid boundstone, with minor
thrombolite and microbial laminite. (A) Laterally linked microbial mounds,
Gypsum Creek section. (B) Interpreted outcrop photo from (A) showing the
mounded microbial interval (mnd) within thick white lines, and mounded and
laterally linking microbial beds as thin white lines. Mound relief begins abruptly
above the underlying non-mounded facies, is followed by a decrease in relief,
broadening of mounds by onlapping microbial beds, and slight lateral migration
near the mound top. Note the truncation of microbial beds by overlying silty
peloidal limestone/dolostone (spl) and ooid-quartz packstone (oqp) facies. (C)
Middle shelf microbial mound from the Rim Trail Canyon section. (D) Interpreted
outcrop photo (C), using the same abbreviations as in (B), showing initial
aggradation, then flattening of mounds and typical onlap, pinch out, and
thickening/thinning geometries of mound beds.

15

Peloid-oncoid boundstone facies
Middle shelf mounds are dominated by medium-bedded (10-30 cm)
massive peloid-oncoid boundstone facies with abundant cement-filled fenestrae
and stromatactis (Figs. 6 and 7). The majority of peloids (0.1-2 mm) are
composed of lime mud, have diffuse grain boundaries, and are not size sorted
(Fig. 6). Subordinate larger peloids are composed of peloid aggregates with
sharp, dark grain boundaries and represent current-reworked particles (Fig. 6A
and 6B). Oncoids (1-10 mm) are composed of concentrically coated peloids or
peloid aggregates; coatings have uneven thicknesses with some coatings thicker
on the upward-facing side (Fig. 6A). Microbial peloids and oncoids are locally
densely packed, generating clotted fabrics interspersed with areas with increased
interparticle cements (Figs. 6A and 6B). Sparse intraclasts (2-10 cm) are
composed of locally derived rounded clasts of microbial facies. Rare abraded
bivalves and gastropods, ostracods, fine quartz sand, clay, and small pyrite
cubes (<0.02 mm) occur throughout. In middle shelf settings, intermound beds
contain increased concentrations of reworked peloids, oncoids, intraclasts, and
abraded bivalves, gastropods, and ostracods.
Scanning electron microscope (SEM) images of microbial peloids reveal
sparse thin calcite tubes (<1 µm diameter, <20 µm long; Fig. 6C), calcite spheres
(~0.5-2 µm), and calcite sphere clusters (5-20 µm) occurring within honeycombshaped voids (Fig. 6D). Elemental analysis of the honeycomb framework
indicates high-Mg calcite, dolomite, and clay minerals, whereas the tubes and
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spheres are low-Mg calcite. Elevated carbon concentrations are measured in the
tubes and spheres compared to the surrounding euhedral calcite host crystals.

Microbial laminite facies
The microbial laminite facies (or stromatolites) is most common in inner
shelf settings and is characterized by crinkly laminated, flat to domal beds
composed of dolomitized fine peloidal bindstone with fenestrae and sparse
stromatactis. Individual laminae are defined by cement-poor and cement-rich
layers, with cement-rich laminae containing up to 5% quartz silt, whole and
abraded gastropods and bivalves, ostracods, and small rare pyrite cubes.

Thrombolite facies
The thrombolite facies occurs rarely in middle shelf settings and forms
layers (<10 cm) along mound surfaces or grow along the floor and ceiling of large
stromatactis cavities (Fig. 7). Thrombolites are characterized by thin, branching
digits (<1 mm-wide and up to 1 cm tall) composed of densely packed, clotted
microbial peloids; digits are separated by cement-filled growth framework cavities
containing rare pyrite cubes (Fig. 6B). Thrombolite layers along mound flanks
occasionally contain upward-growing branched digits.

17

Figure 5. Outcrop photos of inner shelf microbial mounds composed
predominantly of microbial laminite, with minor thrombolite and peloid-oncoid
boundstone. (A) Microbial mound from Kaibab Gulch area, Telegraph Wash
section. Hammer for scale. (B) Interpreted outcrop photo from (A) with similar
lines and abbreviations as Fig. 4. Note the onlap and pinch out of intermound
beds onto mound. (C) Microbial mound from Torrey area, Sulphur Creek section.
Hammer for scale. (D) Interpreted outcrop photo with from (C) with similar
abbreviations as in (B). Note the onlap and pinch out of intermound beds onto
mound, and lateral migration of the mound top.
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Figure 6. Photomicrographs of microbial facies. (A) Microbial peloid-oncoid
boundstone facies, composed of microbial peloids (mp), reworked microbial
peloids (rp), oncoids (oc), and fenestrae (fn). (B) Thrombolite facies (th),
showing an internal growth framework cavity (gf) containing a pyrite crystal (py),
and boundary (dashed line) with surrounding microbial peloids (mp) and
reworked microbial peloids (rp). (C) SEM image of the thrombolite facies,
showing a calcite bacterial filament (bf) and spherule (sp). (D) SEM image of the
thrombolite facies, showing calcite bacterial spherules (sp) embedded within a
honeycomb framework (hc) resembling EPS biofilm and composed of high-Mg
calcite and clay minerals.
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Non-mounded microbial interval
The non-mounded microbial interval (0-6 m) lies directly below the
mounded interval and represents the first onset of microbial carbonate
precipitation across the study area. In middle shelf settings, non-mounded
microbial beds are composed of pebbly peloid-oncoid boundstone facies,
whereas in inner shelf settings, the beds are composed of silty microbial laminite
facies.

Pebbly peloid-oncoid boundstone facies
The pebbly peloid-oncoid boundstone facies is an unusual deposit
composed of chert, quartz, and limestone pebbles floating in a matrix composed
of quartz sand-bearing peloid-oncoid boundstone with abundant fenestrae and
stromatactis cavities and rare gastropods (Fig. 7). The pebbles are reworked
from the underlying Rock Canyon Formation. This pebbly boundstone is similar
to the overlying mounded microbial interval except for the occurrence of pebbles.
Stromatactis and fenestral cavities are commonly bent around pebbles (softsediment deformation) and some pebbles are coated with white calcite cement
(Fig. 7A). The abundance of pebbles and quartz sand decreases up section into
the overlying mounded microbial interval. This facies overlies and interfingers
with the Rock Canyon Formation and the silty peloidal limestone/dolostone facies
(Fig. 2).
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Silty microbial laminite facies
The non-mounded silty microbial laminite facies is composed of dolomitized
silty to sandy (up to 20%) fine peloidal bindstone with stromatactis cavities (i.e.,
silty stromatolite). It differs from the microbial laminite facies in the mounded
interval by its greater quartz silt and sand content and by the lack of domal
stromatolite morphologies. The overall sand and silt abundance decreases
upward towards the base of the overlying microbial mounds. This facies overlies
peritidal carbonates and siltstones of the Black Dragon Formation (Goodspeed
and Lucas, 2007).

Associated microbial features
Fenestrae are common in all microbial facies and includes equant,
laminoid, or tubular geometries. They are filled with cloudy, isopachous, bladed
crystals (originally aragonite or high-Mg calcite) followed by a second generation
of cloudy, equant calcite (Fig. 6A). In inner shelf settings, fenestrae are
occasionally filled by geopetal carbonate sediment.
Stromatactis cavities are isolated to interconnected, bedding-parallel
primary cavities with irregular tops and bottoms, and are filled with multiple
generations of isopachous marine cement, fine geopetal peloidal carbonate,
thrombolite, and microbial laminite (Fig. 7). They occur exclusively in microbial
facies and fall within two size ranges; small stromatactis cavities are <1 cm tall
and <10 cm wide (Fig. 7A), and large stromatactis cavities are 10 cm tall and up
to 1 m wide (Figs. 7B and 7C). The smaller stromatactis are most common in the
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non-mounded microbial interval, and contain pyrite cubes (<1 mm) in the cementfilled parts of the stromatactis (Fig. 7A). Large stromatactis are most common in
the mounded microbial interval. Unlike the smaller stromatactis, they contain
thromoblite within (Figs. 7B and 7C). Crystal fans are characterized by radiating
bladed needle-shaped crystals (originally aragonite; 0.3 - 2 cm long), which
nucleate and grow upward from the geopetal sediment surface or grow
downward from cavity ceilings or thrombolites (Figs. 7B and 7C). Occasionally,
fine peloids are lodged between individual needle-shaped crystals, indicating a
syn-sedimentary origin for the fans.
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Figure 7. Outcrop and hand sample photos of the non-mounded microbial facies.
(A) Outcrop photo showing chert pebbles floating in stromatactis- and fenestralrich peloidal boundstone matrix. Note two larger cement-filled stromatactis
bending around chert clasts below the coin. Larger stromatactis are sequentially
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filled with geopetal sediment and white early marine cement. Fenestrae are filled
with white to clear early marine cement. (B) Scanned polished rock slab photo
showing a large stromatactis cavity filled by multiple generations of microbial and
inorganic carbonate precipitates. (C) Interpreted rock slab photo from (B),
showing stromatactis cavitiy (thick white lines) and surrounding pebbly peloidoncoid boundstone matrix (pob). The base of the cavity is characterized by
isopachous cement (iso), intraclasts (ic), and physically settled sediment, or
geopetals (gps). The top of the cavity is contains isopachous cement,
thrombolite (th), and crystal fans (cf), with orientations that indicate downward
growth.

Microbial carbonate facies interpretations
Peloids are the dominant grain type throughout the microbial carbonate
interval and are interpreted as in situ microbial precipitates formed along the
seafloor, within microbial mats, and potentially within primary cavities lying just
below the sediment-water interface. In-situ peloid microbial precipitation is based
on the observed 1) diffuse peloid grain edges, clotted peloidal fabric, and micronscale calcitized filaments and spheres, 2) their occurence within 3D-mounded
geometries lacking evidence of hydrodynamic or sediment transport features
(i.e., grain sorting, current-generated sedimentary structures), 3) paucity of
detrital siliciclastic grains despite the close association with siliciclastic-rich beds,
and 4) association with stromatactis and fenestral cavities which are common
features of microbial carbonate facies. The micron-scale calcitized filaments and
spheres within microbial peloids and oncoids are similar to calcitized microbial
filaments observed in modern and ancient marine environments, caves, lakes,
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and hot springs (Chafetz and Folk, 1984; Chafetz and Buczynski, 1992; Pickard,
1996; Kaźmierczak et al., 1996; Reid et al., 2000; Riding, 2000; Reitner et al.,
2000; Jones, 2001; Riding and Tomás, 2006; Perri and Tucker, 2007; Dupraz et
al., 2009; Arenas and Pomar, 2010; Jahnert and Collins, 2012; Tomás et al.,
2013; Luo et al., 2014). Honeycomb structures observed in SEM are interpreted
to reflect trapping and binding of clay minerals, and preferential adsorption of
Mg2+ to the microbial biofilms. Similar honeycomb structures are observed in
modern organic biofilms (Défarge et al., 1996; Kaźmierczak et al., 1996; Barbieri
and Cavalazzi, 2005; Spadafora et al., 2010), and have been documented from
older microbial deposits (Kaźmierczak et al., 1996; Tomás et al., 2013). The
occurrence of spherical clusters within the honeycomb framework suggests that
microbial carbonate precipitation occurred within an organic/clay framework (e.g.,
Spadafora et al., 2010).
The peloid-oncoid boundstone and thrombolite facies of the middle shelf
microbial mounds and intermounds are interpreted to represent low-energy,
deeper subtidal environments indicated by the absence of current-generated or
erosional features, the lack of exposure features, the preservation of delicate
thrombolite branches, and stratigraphic relationships with underlying and
overlying higher energy facies (see Olivier et al., 2014, for alternative
interpretations). The occasional upward-growing thrombolite digits along mound
flanks suggest influences by photosynthetic microbial communities, while the
common occurrence of syn-sedimentary pyrite in growth-framework cavities
suggests association with sulfur-reducing bacterial communities.
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Mounded microbial laminite facies along the inner shelf represent the
effects of trapping and binding of reworked peloid and silicilclastic grains with
lesser influence by in situ microbially mediated carbonate precipitation
associated with biofilms. The mounds were deposited in shallow subtidal
environments based on the low synoptic relief of stromatolitic domes, the
occurrence of whole bivalves, gastropods, and ostracods, the lack of currentgenerated and desiccation features, and stratigraphic relationships with
associated facies. Olivier et al. (2016) interpret this facies in the Torrey region as
restricted intertidal-supratidal deposits, citing the observation of tepee structures,
sheet cracks, vadose silt, and a restricted faunal assemblage. We interpret their
reported sheet cracks, vadose silt, and tepee structures as cement- and geopetal
sediment-filled stromatactis, and vertically oriented connecting portions of
stromatactis structures, respectively. The apparent restricted faunal assemblage
used to argue for intertidal-supratidal deposition might be true for other
Phanerozoic time intervals; however, because these deposits formed in the
EPME aftermath, the low diversity fossil assemblage is to be expected and is
similar to the assemblages found in associated deeper and shallow subtidal
facies.
The pebbly peloid-oncoid boundstone facies is similar to the overlying
peloidal-oncoid boundstone in the mounded microbial interval except that it
contains chert and limestone clasts and common quartz sand grains. We
interpret the clasts and sand as the result of episodic high-energy storm/flood
events that transported locally derived pebble- and sand-size material into
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intermediate to shallow subtidal environments. The gradual up-section decrease
in pebble and sand content suggests deepening and backstepping of fluvial
source areas. This intermediate to shallow subtidal interpretation is based on
occasional coarse grain size, sparse fossil content, lack of subaerial exposure
features, and associated facies relationships.
Fenestrae occurring in all microbial facies are interpreted as initial primary
porosity between microbial grains that were enlarged by gas generated during
microbial mats/biofilms decay. The initial phase of isopachous cements
precipitated on the seafloor or during very early burial, indicated by the
preservation of abundant fenestrae and stromatactis cavities. Tubular fenestrae
may represent gas migration pathways that formed as gas escaped through the
still-soft sediment, or isolated cement-filled burrows.
Stromatactis cavities are interpreted as primary structures based on the
abundance of early marine isopachous cements and geopetal sediment, and the
observation that they are bent around clasts during initial compaction. The origin
of stromatactis structures has long been debated (see references in Bourque and
Boulvain, 1993); however, they are most commonly interpreted as related to
microbial deposits and mounds (Bourque and Boulvain, 1993; Flajs and Hussner,
1993; Bosence and Bridges, 1995). Multiple generations of cement, including
crystal fans, indicate large volumes of supersaturated pore fluids flowed through
the cavity systems before significant burial. The occurrence of pyrite within cavity
fills suggests some influence by sulfur-reducing bacteria.
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Microbial mound growth history
The onset of the 3D array of laterally linked microbial mounds along
middle and inner shelf settings implies relatively evenly spaced, localized
increases in microbial precipitation rates to initiate and develop synoptic relief of
individual mounds (Fig. 8). Although it is unclear what controlled the specific
nucleation sites, initial mound growth, and why intermound areas grew at slower
rates than the mound themselves, the similarity between mound and intermound
beds and the lack of evidence for erosion between adjacent mounds suggests
that mound spacing was related to competition for resources (i.e., space and/or
nutrients) among the different microbial communities, forcing the relatively even,
3D spacing. Similar even and meter-scale spacing between laterally linked
microbial mounds is reported in Cambrian offshore deposits by Elrick and Snider
(2002).

Figure 8. Schematic diagram illustrating meter-scale microbial mounds laterally
linked in three dimensions along the seafloor.
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Vertical aggradation of middle and inner shelf microbial mounds occurred
by a combination of intermound beds pinching out against mound flanks, flank
beds draping over mounds, and local thickening of mounds (Figs. 4 and 5).
Examples of intermound beds that pinch out along the mound flanks or crests
suggest some conditions such as currents, substrate, water chemistry, nutrients,
and/or biologic interactions prohibited microbial carbonate precipitation on mound
tops. The lack of current reworking features and the gradual pinch-out bed
geometry does not support erosion by currents; yet the abundance of early
marine cements infilling stromatactis and fenestrae require sufficient levels of
active current flow to pump saturated pore fluids through the cavities and supply
ions for cement precipitation.
Vertical mound aggradation is followed by thinning and broadening (Figs.
4 and 5). The uppermost mounded interval interfingers with and is abruptly
overlain by non-microbial silty peloidal limestone/dolostone and ooid-quartz
packstone facies deposited in upper shoreface to foreshore environments.
These stratigraphic patterns suggest that overall mound growth patterns were
controlled by increasing, followed by decreasing accommodation space changes.
The overlying silty peloidal limestone/dolostone and ooid-quartz packstone facies
accumulated during accommodation space loss and we interpret that these
higher energy conditions prohibited the development and maintenance of
essential microbial biofilms and mats, which led to the demise of microbial
mound growth.
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Across the study area, the thickness of the mounded microbial interval
varies substantially at three scales: 1) meter-scale thickness changes expressed
by mounds immediately adjacent to thinner intermounds (Figs. 4 and 5), 2)
thickness changes occurring over horizontal distances of many tens of meters
(Fig. 3), and 3) mound interval thickness changes between study sites (many
tens of km; Fig. 2). Meter-scale thickness changes are not well understood, but
are likely related to local resource/space competition allowing for more rapid,
microbially mediated carbonate precipitation rates to generate synoptic relief and
slower rates in adjacent intermound regions. Thickness changes at the many
tens of meters are interpreted to represent variable local seafloor bathymetry, as
indicated by significant thickness changes of underlying non-microbial facies (030 m) and erosion along the P-T unconformity (Figs. 2 and 3A). The km-scale
thickness changes between study sites indicates that individual mounds stack to
form broad mound complexes whose overall thicknesses vary due to regional
bathymetric changes and local erosion during deposition of overlying high-energy
upper shoreface packstone and grainstone facies. Local truncation of the upper
microbial mounds in middle shelf settings suggests erosion by submarine tidal
channels (see description of overlying non-microbial facies and Olivier et al.,
2014 for alternative interpretations).
The main differences between middle and inner shelf microbial mounds is
that inner shelf mounds are composed predominantly (~90%) of domal silty
dolomitized microbial laminite, are slightly smaller and narrower, and locally
some small domes are laterally linked with no flat-lying beds between adjacent
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mounds (Fig.5). The height difference is likely due to the lower accommodation
space in inner shelf settings. The exclusive occurrence of laminated microbial
carbonates in inner shelf settings is the result of frequent incursions of
fluvial/eolian-derived siliciclastic and reworked peloid grains, which interrupted in
situ microbial carbonate precipitation and generated the persistent and repeated
laminated fabric; in other words, the inner shelf mounds are dominated by
trapping and binding processes. In contrast, middle shelf settings were far
enough removed from nearshore (carbonate) and terrigenous (siliciclastics)
sources to permit rapid microbial-mediated carbonate precipitation, resulting in
larger microbial carbonate grains (peloids, oncoids), and medium-bedded mound
and intermound beds rather than laminated beds; i.e., dominated by in situ
carbonate precipitation processes (e.g., Vennin et al., 2015).

Smithian non-microbial carbonate facies
Non-microbial carbonate facies interfinger with, underlie, and/or overlie the
microbial interval (Figs. 2 and 3, Table 2). They are described in Table 2 and
interpreted below. In middle shelf settings, chert-pebble conglomerate facies of
the Rock Canyon Formation consists of a lower channeled portion interpreted as
fluvial channel, alluvial fan, and fan delta deposits infilling incised valleys (Blakey,
1979; Nielson, 1991; Lucas et al., 2007a, Krainer, et al., 2007). Paleocurrent
directions from the distribution of grain sizes, clast imbrication, channel
morphologies, and cross bedding indicate northeast through northwest flow
(Nielson, 1991). The overlying unchannelized conglomerates and sandstones
represent marine-reworked fluvial deposits (Nielson, 1991; Lucas et al., 2007a;
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Olivier et al., 2014). In inner shelf locations, the Black Dragon Formation
consists of a basal conglomerate, followed by siltstone and sandstone with an
upward increase in fenestral carbonate beds interpreted to reflect the transition
from fluvial-deltaic to peritidal environments (Ochs and Chan, 1990; Baker and
Huntoon, 1996; Goodspeed and Lucas, 2007).
The silty limestone/dolostone facies is interpreted to represent shallowest
subtidal deposition based on its interfingering with shallow subtidal microbial
mounds and upper shoreface ooid packstones. Along middle shelf localities, this
facies contains less silt and dolomite, reflecting the greater distance from fluvial
influx and peritidal dolomitizing fluid systems.
The ooid-quartz packstone facies represents well-oxygenated upper
shoreface deposition influenced by tidal or longshore currents indicated by the
packstone lithology, relatively diverse fossil content, bioturbation, and bidirectional cross bedding. The lack of in situ microbial peloids, oncoids, or other
microbial features suggests that currents energies were too high to permit
microbial biofilm establishment.
The quartz-skeletal grainstone facies represents well oxygenated upper
shoreface deposition based on grain size, sorting, bioturbation, and cross beds.
Constant wave reworking is interpreted to have inhibited microbial mat and
biofilm establishment. This facies represents the full replacement of microbial
communities by metazoans and siliciclastic influx.
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Facies name

Geometry & sed
structures

Chert pebble
conglomerate

Lower part
channels ~10 m
wide and ~3 m tall;
upper part tabular

Red, clast-supported,
associated with sandstone
and siltstone.

Marine-reworked
fluvial deposits
in upper
shoreface
environments.

Siltstone and
sandstone

Thin-bedded,
laminated, upper
part contains
fenestral limestone
interbeds.

Yellow, contains gypsum.

Floodplain and
delta plain
environments.

Ooid-quartz
packstone

Thin to medium,
tabular beds,
massive to
laminated, local bidirectional cross
beds and ripple
laminations with
NNW-SSE
paleoflow.

Gray, contains ooids, quartz
and chert sand and granules,
reworked peloids, rare
pebbles, sparse reworked
microbial limestone clasts,
gastropods, bivalves,
ostracods, crinoids,
ammonites, and rare pyrite
cubes (<1mm).

Upper
shoreface,
moderate to high
energy,
oxygenated
environments.

Silty peloidal
limestone/
dolostone

Thin to medium,
tabular beds,
massive to
laminated.

Yellow/tan, reworked and in
situ peloids, up to 5% quartz
silt and sand, minor bivalves,
ostracods and gastropods,
minor gypsum, locally
dolomitic. Contains calcite
cement- and sediment-filled
laminoid and tubular
fenestrae, and vertical and
horizontal burrows.

Lower
shoreface, low
energy,
oxygenated
environments.

Quartzskeletal
grainstone

Thin, tabular beds

Tan/brown, laminated, small
cross beds, contains quartz,
bivalves, gastropods,
crinoids, and rare ammonites,
sponges, and sediment-filled
vertical burrows.

Upper
shoreface,
moderate to high
energy,
oxygenated
environments.

Description

Interpretation

Table 2. Smithian associated non-microbial facies in southern Utah.
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DISCUSSION

Sequence stratigraphy
The facies succession at each studied location defines a complete
transgressive-regressive depositional sequence which ranges in thickness from
~5 m to 50 m (Fig. 2). In three of the locations (Hurricane Cliffs, Virgin River, San
Rafael Swell), the Anasibirites kingianus sp. ammonite (late Smithian age) occurs
above the microbial carbonate interval (Lucas et al., 2007a; Lucas et al., 2007b;
Brayard et al., 2013). Additionally, Brayard et al. (2013) report Owenites sp.
ammonites (middle Smithian) above the microbial interval in the Torrey area, and
no previous age control has been reported for the Kaibab Gulch location. This
existing biostratigraphic age control suggests that the microbial-bearing
depositional sequence is not the same age across the study area, but instead
represents a time-transgressive sequence (discussed in Chapter 2).
In the middle shelf region, the lowstand systems tract (LST) and early
transgressive systems tract (TST) is characterized by the P-T unconformity
overlain by fluvial conglomerates, followed by marine-reworked conglomerates
(Figs. 2 and 3A). In the inner shelf, the LST to early TST is characterized by an
upward shift from fluvial-deltaic to peritidal deposition (Ochs and Chan, 1990).
The initial onset of microbial carbonate deposition at all shelf positions occurs in
the middle to late Smithian TST with the non-mounded microbial interval. Within
this unit, the abundance of pebbles and sand-size terrigenous material
decreases as the transgression continues and fluvial systems backstep away
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from the study area. The relatively abrupt shift from non-mounded to the
vertically aggrading mounded microbial facies across the shelf indicates a rapid
gain in accommodation space or the maximum flooding zone (MFZ). Maximum
fluvial backstepping at this time resulted in the lowest siliciclastic influx along the
middle shelf region and the greatest water clarity, which favored photosynthetic
microbial activity and production (Fig. 8).
Reduced rates of accommodation space gain of the highstand systems
tract (HST) is characterized by a reduction in mound height and overall mound
broadening along with limited lateral migration (few meters) along inner and
middle shelf areas. The sequence boundary is represented by local erosion of
the mound tops but no evidence for subaerial exposure is observed. The
overlying upper shoreface ooid-quartz packstone and shallow subtidal silty
peloidal limestone/dolostone facies are interpreted to represent the early TST
and is characterized by local onlapping of beds onto the mounds during initial
accommodation gains (Fig. 3A).

Model for widespread microbial deposition in Utah
Across the southern Utah shelf, the basal microbial carbonate-bearing
depositional sequence above the P-T unconformity is overlain by between one
and five Smithian through early Spathian depositional sequences (5-20 m).
These younger sequences lack microbial carbonates or associated microbial
features, contain increased metazoans and terrigenous siliciclastics, and
represent subtidal and intertidal environments. The complete absence of
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microbial deposits in these younger sequences is particularly interesting given
that they represent deposition in similar water depths and environments as the
underlying microbial-bearing sequence. This prominent absence of microbial
facies implies that conditions responsible for microbial production were unique to
the first marine flooding event above the P-T unconformity and that those
conditions did not repeat during subsequent transgressions (and regressions),
despite the repetition of similar depositional environments; i.e., accommodation
changes were not the first-order control on microbial carbonate development.
Previous studies of Lower Triassic microbial deposits have suggested that
extreme or stressed environmental conditions, such as anoxia and high SST,
controlled the development of anachronistic microbial carbonate production
(Schubert and Bottjer, 1992; Woods et al., 1999; Ezaki et al., 2003, 2008; Pruss
and Bottjer, 2004; Woods et al., 2007; Woods and Baud, 2008; Fang et al.,
2017). In these models, the delivery of anoxic waters to the shelf via upwelling
served to suppress metazoan abundance and favored colonization of the
seafloor by microbes, while the increased alkalinity generated by anaerobic
bacteria in the oxygen minimum zones contributed to widespread carbonate
precipitation. Several lines of evidence across the Utah shelf study area argue
against these interpretations. First, the geometry of the southern Utah shelf was
very broad (>500 km) and too far from the shelf edge to permit upwelling of offshelf, alkaline-rich, anoxic waters from Panthalassa across such large distances.
In addition, no independent geochemical or sedimentologic lines of evidence for
upwelling in this shelf region have been reported. Evidence of abundant
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syndepositional/early marine cements in stromatactics and fenestral cavities
suggests elevated carbonate saturation; however, such conditions may have
ocurred in pore spaces rather than along the seafloor. Arguing against shelf
anoxia is the occurrence of metazoans (bivalves, gastropods, ostracods,
crinoids) within the microbial carbonate-bearing sequence, indicating sufficient
oxygen levels to support animal life. Furthermore, organic- or pyrite-rich marine
facies typical of anoxic conditions are lacking in the shelf study area. Organicrich offshore shales do however occur in coeval deposits of the lower Thaynes
Group in northern Utah, but there are no associated microbial deposits (Kummel,
1943; see Chapter 3).
Smithian microbial carbonate accumulation in Utah includes 1) reduced
metazoan competition/grazers following the EPME, 2) environmental conditions
suitable for microbial carbonate accumulation (Goldilocks window) including
increased accommodation space and reduced terrigenous sediment influx
associated with transgression, 3) a very broad gentle shelf gradient that allowed
widespread laterally linked microbial mounds to develop across >400 km2 of
shelf, rather than along a steeper gradient which would constrain the area of
microbial deposition within a narrow Goldilocks window. After the initial
transgression above the P-T unconformity, subsequent transgressions were
characterized by a replacement of the microbial communities by the metazoans
that had previously inhabited them. Our model suggests that other global Lower
Triassic marine basins with similar ‘Goldilocks’ microbial zones (paleolatitude,
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basin geometry, shelf bathymetry, terrigenous influx) would be expected to
contain widespread microbial deposits.

CONCLUSIONS
•

A regionally widespread (>400 km) middle to late Smithian microbial
carbonate mound and non-mounded complex accumulated in southern
and central Utah in deep subtidal (middle shelf) through shallow subtidal
(inner and innermost shelf) environments during the first Smithian eustatic
flooding event, when accommodation space increased and terrestrial
sediment influx decreased.

•

Middle shelf microbial mounds are characterized by 1-2 m-thick laterally
linked, bedded mounds that initially aggrade, then flatten with minor lateral
migration before they are abruptly overlain by non-microbial silty peloidal
dolostone (shallowest subtidal) and ooid-quartz packstone (upper
shoreface). Mound and intermound facies are composed of mediumbedded fenestral- and stromatactis-rich peloidal-oncoid boundstone with
sparse skeletal material, thin thrombolite crusts/layers, and sparse
microbial laminite, that combined represent deeper subtidal environments.

•

Inner shelf microbial mounds are 0.1-1.5 m thick, laterally linked, domal
microbial laminite (or domal stromatolites), which initially aggraded then
flatten and are abruptly overlain by packstone to grainstone facies. They
are composed of fenestral- and stromatactis-bearing microbial laminites
deposited in shallow subtidal environments.
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•

Microbial mounds nucleate on non-mounded microbial carbonates, which
are composed of pebbly stromatactis- and fenestrae-rich peloid-oncoid
boundstone in middle shelf settings (shallow subtidal) and silty microbial
laminite (shallowest subtidal) in inner shelf settings.

•

The facies and morphological differences between middle and inner shelf
mounds are due to the differences in accommodation space during the
sea-level cycle, and the frequency of siliciclastic and detrital carbonate
particle influx in inner shelf locations, which interrupted microbial
precipitation and generated the characteristic laminated fabric.

•

The microbial carbonate interval varies in thickness at three scales: meterscale changes between individual mounds and adjacent intermound (due
to local resource competition), tens of meter changes at individual study
sites (due to local bathymetric changes), and thickness changes across
many tens of km between study sites (due to bathymetry and local erosion
during accommodation loss).

•

Widespread Smithian microbial deposits in Utah challenge the standard
interpretation of a link between Lower Triassic microbial deposits and
anoxia/alkalinity. Their association with metazoans suggests relatively
oxygenated seawater conditions, and microbial carbonate peloids and
stromatactis cavity-filling cements indicate increased porewater saturation
driven by microbes rather than increased seafloor alkalinity.
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CHAPTER 2
PROLONGED, TIME-TRANSGRESSIVE EARLY TRIASSIC (SMITHIAN)
MICROBIAL CARBONATE ACCUMULATION IN THE WESTERN U.S.

Brad Jeffrey, Viorel Atudorei, Maya Elrick

Earth and Planetary Sciences, University of New Mexico, Albuquerque, New Mexico
87131, United States

ABSTRACT
The timing of a widespread Lower Triassic shallow marine microbial
limestone interval in the western U.S. is reconstructed using new carbon isotope
data and previously established ammonite biostratigraphy along a ~600 km upshelf transect in southern Utah. Results indicate prolonged (~1 My), timetransgressive microbial carbonate accumulation associated with a Smithian
(~251-250 Ma) transgression. The Lower Triassic records a global resurgence of
marine microbial deposits spanning ~5 My after the end-Permian mass extinction
(EPME, ~252 Ma). The timing of global Early Triassic microbial deposition is
often interpreted to represent discrete global events. These global ‘microbial
events’ are commonly linked with global carbon isotope shifts, anoxic events,
and/or sea-surface temperature (SST) events by means of reducing metazoans
and favoring microbial communities. However, the vast majority of Lower
Triassic microbial deposits are reported from individual stratigraphic sections and
lack detailed intra-stage age control required to evaluate timing relationships with
global events. In southern Utah, the microbial carbonate interval occurs across
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outer through inner-most shelf environments (~600 km), above basal
transgressive deposits that overlie a regional Permian-Triassic unconformity.
The reconstructed ages indicate that microbial deposition occurred along
the outer shelf during the early Smithian, the middle shelf during the middle
Smithian, and the inner-most shelf during the late Smithian, indicating the
microbial carbonates developed during ongoing transgressive flooding when
fluvial siliciclastic influx was minimized. The microbial carbonates represent
initial seafloor colonization by microbial communities at each shelf locality,
followed by a replacement by ooids and metazoans during subsequent
transgressions. The prolonged duration of microbial carbonate accumulation (~1
My) in Utah precludes an origin related to short-lived, episodic oceanographic
(SST or anoxia) events or peak/trough carbon isotopic conditions. Instead,
environmental conditions associated with a prolonged transgression (increased
accommodation, reduced siliciclastics) and a broad, shallow shelf geometry were
the fundamental controls on widespread Smithian microbial deposition in Utah.

INTRODUCTION
This study presents a detailed chronology of a widespread (~400 km along
strike and ~600 km along dip) Lower Triassic microbial deposit that formed with
basal Smithian (~251-250 Ma) transgressive deposits overlying a regional
Permian-Triassic unconformity in the western U.S. (Figs. 1 and 2). The Early
Triassic (~252-248 Ma) is characterized by globally distributed shallow-marine
microbial carbonate deposits that formed under reduced metazoan competition
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and predation following the end-Permian mass extinction (EPME; Schubert and
Bottjer, 1992; Sano and Nakashima, 1997; Lehrmann, 1999, 2001; Woods et al.,
1999; Ezaki et al., 2003, 2008; Baud et al., 2005, 2007; Pruss and Bottjer, 2004;
Hips and Haas, 2006; Pruss et al., 2006; Woods and Baud, 2008; Mary and
Woods, 2008; Kershaw et al., 2011, 2012; Brayard et al., 2011; Chen et al.,
2014; Olivier et al,. 2014; Olivier et al,. 2015; Vennin et al., 2015; Fang et al.,
2017). Siberian traps eruptions during and after the EPME (Campbell et al.,
1992; Renne et al., 1995; Kamo et al., 2003; Reichow et al., 2009; Burgess and
Bowring, 2015) resulted in harsh global paleoclimatic and paleoceanographic
conditions (Wignall and Twitchett, 1996; Kidder and Worsley, 2004; Winguth and
Winguth, 2012), including large carbon isotope shifts (Payne et al., 2004), warm
and rapidly changing tropical sea-surface temperatures (SST; Sun et al., 2012),
and widespread marine anoxic events (Grasby et al., 2013).
The timing of global Lower Triassic microbial deposits is often thought to
represent discrete, short-lived events during Griesbachian, Dienerian, Smithian,
and Spathian stages, based on their widespread distribution during these times
(Fig. 1C; Baud et al., 2007; Kershaw et al., 2012). These global ‘microbial
events’ are commonly linked with specific global oceanographic events related to
SST and/or anoxia (Pruss and Bottjer, 2004; Pruss et al., 2006; Hips and Haas,
2006; Baud et al., 2007; Woods and Baud, 2008; Mary and Woods, 2008; Xie et
al., 2010; Chen et al., 2014; Fang et al., 2017). However, few previous studies
have provided lateral context to evaluate regional controls on microbial
deposition, and commonly lack detailed intra-stage chronological evidence
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required to evaluate timing relationships between microbial deposits and specific
oceanic events.
This study reconstructs the timing of microbial carbonate accumulation
across outer, middle, inner, and inner-most shelf localities in southern Utah, to
evaluate regional environmental controls on their formation, and timing with
global seawater events. Their timing is reconstructed using previously published
ammonite biostratigraphy (Brayard et al., 2013), and newly acquired carbon
isotope data indicating large, rapid shifts that correlate with the well-established
Lower Triassic carbon isotope record (Payne et al., 2004; Galfetti et al., 2007a).
The specific goals of this study are to 1) describe the spatial and age distribution
of widespread Lower Triassic (Smithian) microbial deposits in Utah, 2) constrain
the timing of paleoenvironmental conditions favoring microbial deposition, 3)
compare the timing of microbial deposits in the western U.S. with global Smithian
oceanographic events, and 4) discuss the implications toward a broader
understanding on the origins of globally widespread Early Triassic microbial
deposition. Results indicate that the duration of microbial carbonate
accumulation in the western U.S. exceeded any specific global ocean event, and
instead represents time-transgressive deposition with a prolonged (~1 My)
transgression across a broad, shallow shelf.
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Figure 1. Paleogeography, temporal, and stratigraphic context of the study area.
(A) Global paleogeographic reconstruction for the Early Triassic (modified from
Blakey, 2011). (B) Locations of study sections in Utah (circles), with dashed
lines indicating separations between shelf settings. HC=Hurricane Cliffs,
VR=Virgin River, KG=Kaibab Gulch, TA=Torrey area, SR=San Rafael Swell,
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MM=Mineral Mountains, CR=Confusion Range. (C) Lower Triassic time scale
with stage boundary subdivisions and ages (boxes) from Burgess et al. (2014)
and Ovtcharova et al. (2015); carbon isotope data from Galfetti et al. (2007a);
global ‘microbial events’ from Baud et al. (2007), and regional Lower Triassic
stratigraphy modified from Lucas et al. (2007a) and Goodspeed and Lucas
(2007).

GEOLOGIC SETTING
The western U.S. study area was located in western equatorial Pangea
during the Early Triassic, where a shallow epicontinental seaway covered Utah
and adjacent states (Figs. 1A and 1B). The western U.S. basin collected ~1 km
thick of Lower Triassic strata above a regional Permian-Triassic unconformity
(Fig. 1C; McKee, 1954; Newell and Kummel, 1942; Kummel, 1943, 1954; Stewart
et al., 1972; Collinson et al., 1976; Blakey, 1974, 1979; Carr and Paull, 1983;
Dubiel, 1994). Three 3rd-order (1-3 My) transgressions and regressions are
recognized from the interfingering marine and nonmarine Thaynes and Moenkopi
Groups (Fig. 1C; Carr and Paull, 1983; Paull and Paull, 1993; Embry, 1988; Haq
et al., 1988). The Griesbachian-Dienerian transgression (represented by the
Dinwoody Formation) flooded only the northern part of the basin (Paull and Paull,
1983). The Smithian transgression (represented by the lower Thaynes Group,
Timpoweap and Sinbad formations) flooded farther south and west into the
basin, reaching Arizona and Nevada (McKee, 1954; Stewart et al., 1972; Nielson
and Johnson, 1979; Blakey, 1979; Dean, 1981; Lucas et al., 2007a, 2007b,
Goodspeed and Lucas, 2007). The Spathian transgression (represented by the
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upper Thaynes Group and Virgin Formation in southern Utah) is the most
extensive and flooded toward the south and west (Poborski, 1954).

Figure 2. Outcrop photos of microbial mounds across the study area. (A)
Microbial mound interval (mnd) in the outer shelf (Mineral Mounds section) are
laterally linked, aggradational, and are overlain by a thin, black shale (not
shown), followed by ooid-quartz grainstone (oqg), calcareous siltstone (cs), and
quartz-skeletal grainstone (qsg). (B) Close-up of microbial mounds from (A). (C)
Domal microbial laminite from the inner-most shelf at SR (Cottonwood Draw
section). The basal non-mounded (mm) interval is overlain by microbial mounds
(mnd), followed by silty peloidal dolostone (spd), and ooid-quartz packstone
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(oqp). Pencil for scale. Note that the mounds are smaller, with increased silt and
dolomite, in a landward direction.

METHODS
Sedimentary facies, depositional environments, and sequence
stratigraphic interpretations are based on bed-by-bed descriptions of rock types,
sedimentary and biologic structures, bedding geometries, stratigraphic stacking
patterns, and thin section observations (Table 1). Time-stratigraphic correlations
shown on Figure 3 were performed by identifying positions of previously
determined ammonite levels of Brayard et al. (2013), and utilizing newly
generated δ13Ccarb trends from selected sections and correlating observed
distinct trends with the globally recognized δ13C curve (Table 2; Payne et al.,
2004; Galfetti et al., 2007a; Hermann et al., 2011; Meyers et al., 2013; Grasby et
al., 2013).

RESULTS
Smithian paleogeography across southern Utah (Fig. 1B) is based on
deepening and thickness trends observed from the Smithian microbial interval
and associated facies (Figs. 2 and 3). The basin is characterized by an outer
shelf in central Utah (Mineral Mountains, MM) and western Utah (Confusion
Range, CR), a middle shelf in southwestern Utah (Wayne Canyon, WC; Virgin
River, VR), an inner shelf in southwestern (Kaibab Gulch, KG), and eastern
(Torrey area, TA) Utah, and the inner-most shelf in east-central Utah (San Rafael
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Swell, SR). The microbial interval is thickest in the outer shelf (Figs. 2A and 2B),
and pinches out toward the deeper northern part of the basin (Pahvant Range,
see Supplementary Materials for description), and also pinches out in a landward
direction, observed from only one of three sections at SR (Figs. 2C, 3). The
following section summarizes the sequence stratigraphy, ammonite
biostratigraphy, and new carbon isotope stratigraphy across the southern Utabh
shelf. Detailed sequence stratigraphy for the entire Smithian was performed at
an outer shelf section locality (MM), where the microbial and overlying nonmicrobial Smithian intervals are thickest, and ammonite biostratigraphy has been
previously established (Brayard et al., 2013).
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Facies

Geometry

Description

Interpretation

Chert pebble
conglomerate

Lower part
channels ~10
m wide and ~3
m tall; upper
part tabular

Red, clast-supported, associated with
sandstones and siltstones.

Marine-reworked fluvial
deposits.

Non-mounded
microbial
boundstone

Tabular

Red or gray, massive, contains
common peloids, oncoids, chert
pebbles, stromatactis cavities,
thrombolite and microbial laminite, and
rare gastropods and bivalves.

Shallow subtidal (lower
shoreface to offshore),
moderate energy, stormderived pebbles. Rapid
microbial carbonate
precipitation, carbonatesaturated pore-waters.

Mounded
microbial
boundstone

1-3 m mounds,
laterally linked
over 2-10 m
distances

Red, gray, or yellow, massive,
contains common peloids, oncoids,
stromatactis cavities, thrombolite,
microbial laminite, and rare chert
pebbles, gastropods, bivalves, and
rare sponges.

Offshore to lower
shoreface, moderate to
high energy. Rapid
microbial carbonate
precipitation, carbonatesaturated pore-waters.

Microbial
laminite

10 cm - 2 m
coalesced
domes,
laterally linked
over 1-3 m
distances

Yellow/tan, wrinkly laminations,
contains common mud/silt-sized
microbial peloids, quartz, dolomite
rhombs, gypsum, fenestrae,
thrombolite, stromatactis cavities, and
rare gastropods and bivalves.

Lower shoreface, moderate
energy. Rapid microbial
precipitation, binding, and
trapping, carbonatesaturated pore-waters.

Ooid-quartz
packstone/
grainstone

Thin to
medium,
tabular beds

Gray, massive to cross-laminated,
contains ooids, quartz, crinoids,
gastropods, bivalves, and ammonites.

Upper shoreface, moderate
to high energy. Rapid
inorganic carbonate
precipitation, carbonatesaturated pore-waters.

Silty peloidal
limestone/
dolostone

Thin to
medium,
tabular beds

Yellow/tan, massive to laminated;
locally dolomitic, contains vertical and
horizontal burrows filled with calcite
cement and sediment, and rare
gastropods, bivalves, and gypsum.

Lower shoreface, low
energy, relatively
oxygenated.

Quartz-skeletal
grainstone

Thin, tabular
beds

Tan/brown, laminated, thin cross beds,
contains quartz, bivalves, gastropods,
crinoids, and rare ammonites,
sponges, and sediment-filled vertical
burrows.

Upper shoreface, moderate
to high energy, well
oxygenated.

Organic-rich
siltstone/shale

Nodular,
occasionally
fissile

Dark gray, laminated, contains
bivalves, gastropods, and occasional
ammonites.

Offshore, low energy,
lowered oxygen content.

Table 1. Smithian microbial and associated non-microbial facies in Utah.
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MINERAL MOUNTAINS
Sample
Meter
δ13Ccarb
MM1
0.0
0.5
MM2
1.0
0.7
MM3
3.0
0.8
MM4
5.0
0.7
MM5
7.0
0.6
MM6
9.0
0.4
MM7
10.5
0.2
MM8
12.0
0.5
MM9
13.0
0.1
MM10
14.0
0.1
MM11
15.5
-0.1
MM12
17.2
-1.2
MM13
18.0
-1.4
MM14
19.0
-1.5
MM16
21.0
-1.6
MM17
24.0
-2.1
MM18
26.0
-1.8
MM19
29.0
-2.0
MM20
30.5
-2.1
MM21
32.2
-3.1
MM22
33.5
-2.8
MM23
35.0
-3.1
MM24
38.0
-3.0
MM25
42.0
-3.6
MM27
50.0
-3.5
MM28
52.0
-3.0
MM29
53.5
-1.6
MM30
54.5
-1.6
MM31
58.0
-0.7
MM32
61.2
-0.9
MM33
64.0
-1.1
MM34
67.0
-0.8
MM35
68.0
0.0
MM36
70.0
0.4
MM37
71.0
0.8
MM38
73.0
1.3
MM39
76.0
1.8
MM40
77.0
0.7
MM41
79.0
1.2
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δ18Ocarb
-6.0
-10.3
-11.5
-12.8
-13.0
-11.7
-11.1
-11.0
-11.6
-11.6
-10.0
-9.9
-11.0
-11.4
-12.6
-12.1
-11.4
-11.8
-11.4
-10.7
-11.0
-11.0
-11.1
-11.5
-10.6
-9.7
-5.0
-10.2
-9.7
-9.6
-8.6
-9.3
-8.6
-9.4
-9.3
-8.8
-8.5
-9.2
-10.8

MM42
MM43
MM44
MM45
MM46
MM47
MM48
MM49
MM50
MM51

81.0
84.0
87.0
88.0
89.0
90.0
92.0
93.0
94.0
96.0

1.1
0.8
0.5
0.8
1.3
1.4
0.8
1.7
1.6
1.4

-9.4
-9.2
-9.6
-9.5
-8.4
-9.4
-10.7
-9.3
-9.5
-9.6

WAYNE CANYON
Sample
meters d13Ccarb d18Ocarb
WAC-1
-1.1
-7.6
WAC-2
28.5
-1.3
-8.0
WAC-3
29.0
-1.2
-6.3
WAC-4
29.5
-0.9
-6.5
WAC-5
30.0
-1.0
-8.3
WAC-6
30.5
-1.1
-10.5
WAC-7
31.0
-0.8
-7.9
WAC-8
31.8
-1.0
-7.8
WAC-9a
32.0
-1.6
-8.2
WAC-10
33.0
-1.6
-9.2
WAC-11
33.5
-1.5
-7.9
WAC-11D
-1.2
-7.1
WAC-12
34.0
-1.2
-7.5
WAC-13
38.0
-1.6
-8.2
WAC-14
39.5
-1.0
-6.8
WAC-15
40.5
-0.8
-7.1
WAC-16
41.5
-1.0
-7.2
WAC-17
42.0
-1.0
-6.7
WAC-18
43.0
-1.4
-7.1
WAC-19
44.0
-0.5
-7.9
WAC-20
46.0
-1.1
-10.5
WAC-21
47.0
-1.1
-8.4
WAC-22
49.0
-2.2
-8.7
WAC-23
51.0
-1.4
-8.0
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VIRGIN RIVER
Sample
Meter
VR 1.2m
1.2
VR 2m
2.0
VR 2.5m
2.5
VR 3m
3.0
VR 3.6m
3.6
VR 5m
5.0
VR 7.2m
7.2
VR8
8.0
VR8matrix
8.2
VR 10
10.0
VR 11
11.0
VR 12.5
12.0
VR 13
13.0
VR 14
14.0
VR 15
15.0
VR 16
16.0
VR 19
19.0
VR 20
20.0
VR 21
21.0
TORREY
Sample
T-V-A
gypsum
T-V-A
~base
TV1
TV2
T-V-3
TV4
TV5
TV6
TV7
TV9
TV11
TV12
TV13
TV14

δ13Ccarb
-1.9
-1.9
-2.2
-1.5
-1.3
-1.4
-1.6
-2.1

δ18Ocarb
-6.1
-7.0
-7.3
-7.0
-8.0
-6.4
-8.7
-10.1

-0.3
-1.7
-2.2
-1.4
-1.6
-1.7
-1.3
-1.5
-1.8
-2.2
-0.5

-5.6
-8.3
-9.3
-7.5
-6.7
-9.3
-7.1
-8.8
-7.7
-7.8
-5.2

Meter

δ13Ccarb

δ18Ocarb

0.0

-0.6

-5.0

0.0
0.0
0.2
0.5
1.0
1.5
2.0
2.5
3.0
4.0
4.2
4.5
4.6

-0.8
-0.6
-1.8
-2.1
0.1
-1.6
-2.2
-1.4
-2.0
-2.2
-2.0
-1.4
-1.6

-4.0
-3.4
-4.5
-6.0
-1.7
-6.0
-6.8
-7.6
-8.6
-9.8
-8.8
-8.1
-10.0
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TV15
TV16
TV17
TV19
TV21
TV22
TV24

4.8
5.0
6.2
7.0
8.2
9.5
10.5

KAIBAB GULCH
Sample
Meter
KG-7
7.0
KG-8
8.0
KG-9
8.5
KG-15
11.0
KG-16
11.5
KG-17
12.0
KG-18
12.2
KG-19
12.7
KG-20
13.5
KG-21
13.8
KG-22
14.0
KG-23
14.8
KG-24
15.0
KG-25
15.5

-1.8
-1.9
-2.2
-2.2
-2.7
-2.3
-1.5

-9.2
-8.9
-6.9
-5.2
-6.8
-6.1
-9.1

δ13Ccarb
-0.1
-1.4
-0.8
-0.7
-1.2
-0.8
-1.3
-1.3
-1.1
-1.4
-1.2
-0.9
-1.1
-0.4

δ18Ocarb
-5.1
-5.0
-6.1
-5.3
-4.5
-4.8
-1.4
-3.4
-0.5
-1.7
-3.9
-4.9
-4.1
-4.8

CONFUSION RANGE
Sample
Meter
δ13Ccarb
DH-116
84.0
19.3
DH-115
82.0
22.2
DH-114
80.0
26.2
DHB-13
79.0
18.5
DHB-12
76.0
23.2
DHB-11
66.0
25.1
DHB-9
48.0
23.4
DHB-8
45.0
23.1
DH-106
36.0
22.8
DH-105
24.0
24.1
DH-104
22.0
27.4
DH-103
16.0
19.7
DH-102
12.0
22.6
63

δ18Ocarb

-5.4
-5.5
-4.4

DH-101
DH-14
AVG
CR-8.4
CR-2.5
V1
V2
V3
V4
V5
V6
V7
V8
V9
V10
V11
V12
V13
V14
V15
V16

9.0

22.6

7.0
8.4
2.5
40.5
38.3
35.0
32.5
28.5
21.8
21.0
11.5
9.5
6.5
6.0
5.0
3.5
3.0
1.7
1.5

33.0
27.6
28.5
-3.7
-3.5
-5.4
-5.0
-5.5
-4.2
-4.4
-4.3
-3.5
-2.3
-2.5
-1.9
-1.8
-2.0
-1.8
-1.1

-4.3
-2.3
-2.0

SAN RAFAEL SWELL - ROD'S VALLEY
Sample
Meter
δ13Ccarb
δ18Ocarb
RV-17-1
0.5
-2.7
-5.5
RV-17-2
0.7
-2.6
-6.0
RV-17-3
1.2
-2.8
-6.0
RV-17-4
2.0
-2.4
-4.8
RV-17-5
2.2
-2.3
-4.3
RV-17-6
2.5
-3.4
-5.5
RV-17-7
2.8
-3.5
-5.4
RV-17-11
4.2
-3.0
-5.5
RV-17-12
4.5
-6.0
-7.4
RV-17-13
4.7
-3.5
-7.5
RV-17-14
5.2
-4.5
-7.3
RV-17-15
6.0
-3.5
-7.7
RV-17-16
6.5
-3.6
-7.8
RV-17-17
6.7
-2.5
-9.4
RV-17-18
7.1
-2.1
-9.0
RV-17-19
7.6
-1.7
-8.4
RV-17-20
8.0
-1.6
-10.3
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RV-17-21
RV-17-23
RV-17-24
RV-17-25
RV-17-26

8.5
9.5
10.2
12.0
13.0

-0.7
-0.6
-0.8
0.2
0.4

-8.3
-8.4
-8.8
-1.9
-2.0

Table 2. Carbonate δ13Ccarb and δ18Ocarb isotope data from Utah.

Figure 3. Measured stratigraphic sections and chronostratigraphic data. Section
locations and abbreviations are shown in Figure 1. Interpreted depositional
environment curves (shallowing toward the left) are plotted to the left of the
stratigraphic columns, and Smithian stratigraphic sequences at MM (triangles
indicating deepening- and shallowing- upward successions) are labeled and
shown in greater detail in Figure 4. To the right of the columns are ammonite
biozones from Brayard et al. (2013) and δ13Ccarb data from this study. Ammonite
zones include the lower Smithian Vercherites undulates (V.u.), Preflorianites–
Kashmirites (P.k.), Inyoites beaverensis (I.b.), middle Smithian Owenites (O.),
and upper Smithian Anasibirites kingianus (A.k.). Arrows drawn on the δ13Ccarb
data reflect globally recognized early, middle, and late Smithian δ13Ccarb shifts
(see inset; modified from Galfetti et al., 2007a). Timelines separating lower,
middle, and upper Smithian deposits (thick lines) are based on correlating similar
δ13Ccarb trends and ammonite biozones. Detailed stratigraphic columns are
provided in the Supplementary Materials.
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Outer shelf
Smithian outer shelf (MM, CR) sections are characterized by a thick
microbial carbonate interval at MM that thins and shallows toward the middle
shelf and CR (Fig. 3). At MM, the Permian-Triassic (P-T) unconformity separates
the Upper Permian Kaibab Formation from overlying red siltstone that represents
marine-reworked lowstand systems tract (LST) deposits. Microbial laminite
interbeds in the upper part of the red interval represents initial transgressive
systems tract (TST) peritidal deposits. The base of the overlying Thaynes Group
is characterized by a ~1 m-thick bed of peritidal microbial laminite (early TST)
overlain by microbial boundstone mounds which reach up to 3 m tall and are
laterally linked over 2-8 m distances (Figs. 2A and 2B) that developed during
maximum flooding (maximum flooding zone - MFZ). The microbial mound
interval aggraded for ~12 m in offshore environments, representing the late TST
and MFZ, and then the mounds flatten and widen during the HST (Fig. 2A).
Sparse, low-diversity metazoans (bivalves, gastropods) occur throughout the
microbial interval, and sponges (Class Demospongiae and Hexactinellida) within
the microbial mound framework are reported by Brayard et al. (2011). The
abundance of microbially precipitated carbonate grains (peloids, oncoids)
indicate rapid microbial carbonate precipitation to form a rigid microbial
framework, and lack of evidence for subaerial exposure (dessication cracks,
disconformities) indicate continuous subtidal deposition (for alternate
interpretations, see Brayard et al., 2011; Vennin et al., 2015). The mounds are
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overlain by a thin (~1 m) bed of offshore dark gray to black organic-rich
calcareous siltstone, indicating deepening across the sequence boundary (SB).
At CR, the microbial mound interval is significantly thinner (~2 m) than
MM, with an erosional upper boundary. The P-T unconformity separates the
Upper Permian Gerster Formation from overlying red chert-pebble conglomerate
of the Rock Canyon Formation. The basal conglomerate represents marinereworked lowstand deposits during the TST. The microbial carbonate interval is
characterized by a pebbly non-mounded microbial interval (<1 m) overlain by a
mounded microbial interval (~2-3 m thick) that formed during the late TST and
MFZ. The mounds (1-2 m thick) are composed of boundstone with floating chert
pebbles, indicating periodic storms in the lower shoreface environment. The
mounds are aggradational, representing deposition during the HST, and their
truncation indicates shallowing across the SB. The SB thus transitions from a
conformable boundary at MM to an erosional unconformity at CR, indicating
shallowing toward the west. The microbial interval is overlain by interbedded
lower shoreface silty peloidal limestone and upper shoreface ooid-quartz
packstone, followed by interbedded offshore organic-rich calcareous siltstone
and upper shoreface quartz-skeletal grainstone.
The basal microbial-bearing sequence at both locations is overlain by at
least five depositional sequences that lack microbial carbonates (Fig. 3),
described in detail at MM where they are best represented (Fig. 4). The first
sequence overlying the microbial interval at MM contains offshore calcareous
siltstone (MFZ) shallowing upward to upper shoreface quartz-ooid grainstone
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representing the HST; that sequence is followed by at least three sequences
composed of offshore calcareous siltstone (MFZ) and upper shoreface quartzskeletal grainstone.
Six different Smithian ammonite zonations are identified by Brayard et al.
(2013) from the two outer shelf localities and were matched to our sections by
lithostratigraphic correlation (Fig. 3). The oldest Smithian ammonite zone across
the study area occurs in the third sequence at MM (MM3), Vercherites undulatus
(V.u.), and corresponds with the slightly younger Preflorianites–Kashmirites (P.k.;
Figs. 3 and 4). The next younger Inyoites beaverensis (I.b.) occurs in the upper
part of MM3. These ammonite biozones are considered to represent the early
part of the Smithian, although these ammonites do not have exact global
counterparts (see discussion in Brayard et al., 2013). The next overlying
sequence (MM4) contains the middle Smithian Owenites (O.), which is also
recognized at CR, followed by the upper Smithian Anasibirites kingianus (A.k.) in
the following sequence (MM5). These ammonites have global counterparts in
South China (Brayard and Bucher, 2008), South Tibet (Brühwiler et al., 2010),
Salt Range (Brühwiler et al., 2012a), and Oman (Brühwiler et al., 2012b). The
uppermost sequence at MM (MM6) has been interpreted by Brayard et al. (2013)
to represent the uppermost Smithian based on poorly preserved specimens of
Xenoceltitidae gen. indet. A, which would represent the youngest Smithian
ammonites in the study area.
A -4 to -5 ‰ negative δ13Ccarb shift is observed across the microbial
limestone interval and overlying non-microbial facies at MM (+1 to -3 ‰,
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sequences MM1-MM3) and CR (-1 to -6 ‰; Fig. 3). Given the lower Smithian
age control provided by the associated ammonites, this negative δ13Ccarb shift
correlates to the globally recognized 4 to 10 ‰ negative δ13C shift at the base of
the Smithian (Fig. 1C; Payne et al., 2004; Galfetti et al., 2007a; Hermann et al.,
2011; Meyers et al., 2013; Grasby et al., 2013). The observed offset in absolute
values (~2 to 3 ‰) is interpreted to represent a basinward negative δ13Ccarb trend
in values that is observed across the study area. Above the lower Smithian
interval, δ13Ccarb values remain low (-3 to -4 ‰ at MM, lower part of sequence
MM4, and -5 to -6 ‰ at CR). A gradual positive shift (-3 to -1 ‰) is recorded in
the upper part of MM4, which continues in MM5 to +2‰, interpreted as the welldocumented upper Smithian positive δ13C shift (Fig. 1C; Payne et al., 2004;
Galfetti et al., 2007a; Hermann et al., 2011; Grasby et al., 2013; Thomazo et al.,
2016; Caravaca et al., 2017). The middle Smithian δ13Ccarb plateau interval
between lower Smithian negative and upper Smithian positive shifts is similar to
other global δ13C records (Galfetti et al., 2007a; Hermann et al., 2011; Sun et al.,
2012; Grasby et al., 2013; Song et al., 2014; Caravaca et al., 2017).
Microbial carbonate accumulation in the outer shelf is estimated to have
occurred between 150 - 200 kyr based on the occurrence of five depositional
sequences at MM (Fig. 4) that are assumed to represent equal amounts of the
total duration of the Smithian stage (~0.75 - 1 My; Burgess et al., 2014;
Ovtcharova et al.; 2015). Due to thinning of the Smithian interval and poorly
defined sequences in a landward direction, the estimated duration of microbial
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carbonate deposition at MM is considered a maximum duration for microbial
carbonate accumulation at any individual landward study location.
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Figure 4. Detailed sequence stratigraphy of the Mineral Mountains section used
for calculation of timing of microbial deposition at individual shelf locations.
Abbreviations, patterns, and symbols are the same as Figure 3. See
Supplementary Materials for additional detail.

Middle shelf
Smithian middle shelf (WC and VR) sections are characterized by an
erosional P-T unconformity separating the Upper Permian Kaibab Formation
from the overlying Rock Canyon Formation (Fig. 3), interpreted to represent
marine-reworked fluvial LST deposits (Nielson, 1991). Thin interbeds of nonmounded microbial boundstone in the upper Rock Canyon Formation were
deposited in lower shoreface environments based on the occurrence of stormderived chert pebbles and represent the TST. At WC, the base of the overlying
Timpoweap Formation is represented by interbedded conglomerate and thin (<1
m- thick), clast-rich mounded microbial boundstone formed in shallow subtidal
environments representing the late TST and MFZ. The mounds are locally
truncated at the SB, and are overlain by conglomerate.
At VR, the base of the Timpoweap Formation is characterized by nonmounded microbial boundstone formed in lower shoreface environments
representing the early TST, overlain by microbial mounds that reach up to 1.5 m
tall and are laterally linked over 2-8 m distances. Microbial mounds at VR
aggraded up to ~6 m, representing the MFZ and HST; some mounds flatten and
widen upward, whereas others are locally truncated by erosion at the upper SB.
At both localities, the basal microbial-bearing sequence is overlain by
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interbedded bioturbated silty peloidal limestone/dolostone in lower shoreface
environments, and ooid-quartz packstone and quartz-skeletal grainstone
deposited in upper shoreface environments (Fig. 3).
Brayard et al. (2013) identified two Smithian ammonite-bearing intervals
from sections located 15 and 30 km to the north of the study area (Kanaraville
and Cedar City) that were lithostratigraphically correlated to the measured
sections. They include the middle Smithian Owenites in beds overlying the basal
microbial-bearing sequence, followed by the upper Smithian Anasibirites
kingianus (Fig. 3).
Based on the age control provided by the ammonites, and the relatively
uniform and low δ13Ccarb values (-2.5 to -0.5 ‰) from the middle shelf sections
(Fig. 3), we interpret these values to represent the globally reported middle
Smithian negative δ13C plateau (Fig. 1C). The δ13Ccarb values are slightly higher
(~1 to 3 ‰) than outer shelf sections.

Inner shelf
Smithian inner shelf (TA and KG) sections are characterized by a P-T
unconformity separating the Upper Permian Kaibab Formation from the overlying
Black Dragon Formation (Fig. 3). The Black Dragon is composed of red to black
marginal marine (fluvial-deltaic) siltstone and peritidal microbial laminite
containing gypsum and dolomite representing the TST (Ochs and Chan, 1990).
The base of the Sinbad Formation is characterized by microbial mounds, which
are composed of microbial laminite, and are typically <1 m tall and laterally linked
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over 1-3 m distances and represent the MFZ. The mounds contain increased silt
and dolomite compared to middle and outer shelf mounds, indicating shallower
subtidal deposition. The laminated mounds aggrade up to 4 m during the HST at
TA, whereas at KG they are truncated at the upper SB. The microbial interval is
overlain by interbedded lower shoreface bioturbated silty peloidal dolostone and
upper shoreface ooid-quartz packstone, followed by interbedded lower shoreface
silty peloidal dolostone and upper shoreface quartz-skeletal grainstone.
Two Smithian ammonite intervals identified by Brayard et al. (2013) from a
section that occurs ~20 km from the Torrey study area were lithostratigraphically
correlated to the inner shelf sections. The ammonite zones include the middle
Smithian Owenites and overlying upper Smithian Anasibirites kingianus. Based
on the age control provided by the ammonites and the relatively low and stable
δ13Ccarb values from TA (-3 to -1 ‰; Fig. 3), we interpret the inner shelf
sequences as middle Smithian.

Inner-most shelf
Smithian inner-most shelf (SR) sections have similar stratigraphic context
as inner shelf sections, but are thinner and represent the landward pinch-out of
the microbial carbonate interval. In sections spaced ~10 km apart, small (<10
cm), laterally linked domal microbial laminite mounds occur locally along the
base of the Sinbad Formation (Fig. 2C; Cottonwood Draw section). The upper
Smithian ammonite Anasibirites kingianus occurs just above the basal microbialbearing sequence (Brayard et al., 2013).
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A positive δ13Ccarb shift (-4 to 0.5 ‰; Fig. 3) is recorded at the base of the
Sinbad Formation (Rod’s Valley section), at the same stratigraphic level that
domal microbial laminite mounds were observed nearby. This positive δ13Ccarb
shift corresponds to the globally recognized positive upper Smithian δ13C shift,
indicating the youngest microbial deposit observed across the study area.

DISCUSSION

Timing of Smithian microbial deposition in Utah
Figure 5 illustrates our interpretation of the timing of the Smithian microbial
interval across southern Utah. At each study locality, the basal microbial
limestone-bearing sequence is overlain by (and correlates in a basinward
direction with) ooid- and skeletal- rich deposits. Along the outer shelf, the
microbial-bearing sequence accumulated during the early Smithian based on the
negative δ13C shift across the microbial interval and occurrence of the oldest
Smithian ammonites in overlying deposits. In the middle shelf, the microbialbearing sequence is younger than the outer shelf based on the low and stable
middle Smithian δ13C trends within the microbial interval, and middle Smithian
ammonites in overlying deposits. Along the inner shelf, the microbial-bearing
sequence records low and stable δ13C values across the microbial interval
indicating a similar age as the middle shelf. The inner-most shelf locality records
a positive δ13C shift across the base of the Sinbad Formation, at a stratigraphic
level which corresponds to the most landward pinch-out of the microbial interval.
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These results indicate that microbial carbonate accumulation in the Utah
study area 1) spanned the entire Smithian stage, 2) represents a timetransgressive facies which migrated from the outer to the inner-most shelf during
a gradual Smithian sea-level rise, and 3) accumulated during initial and
progressive flooding (TST and MFZ) of the underlying P-T unconformity at each
shelf locality, and is absent in overlying and correlative offshore sequences.
Whereas our sequence stratigraphic results indicate microbial carbonate
accumulation at each individual locality lasted 150 – 200 kyr, the total duration for
microbial deposition across southern Utah represents ~1 My.

Figure 5. Schematic model illustrating the timing of microbial carbonate
accumulation along the southern Utah shelf spanning the Smithian stage (~1
My). Arrows highlight the time-transgressive nature of the microbial carbonates.
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Comparison with Smithian proxy data
Globally distributed Lower Triassic microbial deposits are commonly
interpreted to represent discrete, short-lived events (Baud et al., 2007), and are
often linked with global carbon isotope, SST, and/or anoxic events, which acted
to reduce metazoan competitors and predators (Xie et al., 2005; Pruss et al.,
2005; 2006; Mata and Bottjer, 2012; Chen et al., 2014; Deng et al., 2016; Fang et
al., 2017). The occurrence of inorganic carbonate cements and ooids with Lower
Triassic microbial deposits have been interpreted to reflect either local alkalinity
increases due to upwelling, or elevated carbonate saturation state of seawater
related to the reduction of metazoans after the EPME (Woods and Baud, 2008;
Lehrmann et al., 2012; Woods et al., 2013; Woods, 2014; Li et al., 2015; Fang et
al., 2017). These authors commonly invoke a model related to proximity to a
nearby upwelling zone, where anoxic and alkaline waters are introduced to the
shelf during an anoxic event, suppress local metazoans, and lead to increased
microbial and associated inorganic carbonate precipitation (Woods et al., 1999;
Woods et al., 2007; Woods and Baud, 2008).
The prolonged duration (~1 My) of Smithian microbial deposition in Utah
exceeds any discrete global Smithian event, indicating that the microbial
carbonates formed regardless of the timing of other global microbial deposits,
rising or lowering δ13C, changing SST, or redox conditions (Fig. 6). The
occurrence of metazoans within the microbial carbonate framework and lack of
anoxic indicators (e.g., organic-rich shale) indicates relatively oxygenated
conditions. The paleogeographic setting of southern Utah suggests it was
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located too far inland to be affected by any potential upwelling zone. Overall
warm temperatures during the Smithian may have favored microbial deposition
by suppressing metazoans from building reefs in the same ecological niches as
the microbial mounds. Rather than a global oceanic event, prolonged microbial
carbonate accumulation in the western U.S. was controlled predominantly by
local environmental factors (increased accommodation, reduced terrigenous
influx) associated with transgression, and a broad shallow-gradient shelf
geometry.

Figure 6. Timing comparison of microbial deposits in Utah with Early Triassic
global seawater events. Lower Triassic time scale (Burgess et al., 2014;
Ovtcharova et al.; 2015), showing the coral ‘reef gap’ (Chen and Benton, 2012),
temporal distribution of previously reported global microbial ‘events’ (Baud et al.,
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2007) and results of this study, compared with the global carbon isotope curve
(Galfetti et al., 2007a), global oxygen isotope curve interpreted as a sea-surface
temperature proxy record (Sun et al., 2012), regional redox histories from
Canada (Grasby et al., 2013), and Japan and South China (Tian et al., 2014),
and conodont (Orchard, 2007) and ammonoid (Stanley et al., 2009) diversity
curves. Notice the lack of correlation between the timing of microbial deposition
in Utah with any specific global Smithian event.

CONCLUSIONS
Across-shelf sequence stratigraphic, carbon isotopic, and ammonite
biostratigraphic data indicate that Early Triassic microbial carbonate
accumulation across southern Utah was time-transgressive, migrating from the
outer to the middle to the inner-most shelf during the entire Smithian stage (~1
My). The identification of globally recognized Smithian δ13C shifts across the
microbial interval provides a more accurate age than biostratigraphy alone
because shallow marine environments containing microbial communities were
not suitable for ammonites. Microbial deposition initiated following transgressive
flooding of the regional P-T unconformity, and was predominantly controlled by
accommodation increase and detrital influx decrease associated with
transgression. Previous interpretations of globally widespread Lower Triassic
microbial deposits suggest that microbial accumulation occurred in response to
unusual seawater conditions (elevated SSTs, anoxia, and/or alkalinity) during
discrete paleoceanographic events. In contrast, results from this study indicate
that Smithian microbial deposits developed over ~1 My and accumulated
79

regardless of wide-ranging δ13C, SST, and redox conditions. Rather than a
global event, a protracted (~1 My) transgression in Utah favored initial
colonization of the seafloor by microbial communities, which may have been
influenced by reduced predation/competition related to overall elevated SST.
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CHAPTER 3
LARGE, RAPID, AND GLOBAL SULFUR ISOTOPE SHIFTS FROM THE
EARLY TRIASSIC, WESTERN U.S.

Brad Jeffrey(1), Viorel Atudorei(1), Maya Elrick(1), Jean Guex(2)

(1) Earth and Planetary Sciences, University of New Mexico, Albuquerque, New
Mexico 87131, United States
(2) Institute of Geology, University of Lausanne, UNIL-Dorigny, Bâtiment Anthropole
3182, Lausanne, 1015, Switzerland

ABSTRACT
A high-resolution Lower Triassic marine δ34S record is reconstructed from
the western U.S. (eastern Panthalassa) using carbonate-associated sulfate
(CAS) sampled from a thick (~1 km) continuous stratigraphic record, with preexisting ammonite biostratigraphic age control, and high temporal resolution
across the Smithian-Spathian boundary. Results indicate three large positive
excursions that correspond in timing with existing δ34SCAS data from southern
China (Tethys), indicating global seawater changes. δ13Ccarb and δ34SCAS isotope
records positively co-vary suggesting a common global driver. The Early Triassic
(252-247 Ma) represents a period of marine ecosystem recovery following the
end-Permian mass extinction, and was characterized by warm tropical sea
surface temperatures (SST), widespread anoxic events, and large, rapid marine
stable isotope shifts.
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Positive δ34SCAS excursions are interpreted to result from massive
increases (followed by decreases) in pyrite precipitation by anaerobic sulfurreducing bacteria (SRB) during expansion (followed by contraction) of the global
oxygen minimum zones (OMZs). Coeval positive δ13Ccarb excursions that match
the well-established global δ13C curve suggest contemporaneous preservation
and burial of organic matter (i.e. global anoxic event). A lack of systematic
correlation of the three positive δ34SCAS excursions with sea level, sea-surface
temperature (SST), redox changes, or biological recovery patterns indicates that
the oxygen minimum zones expanded and contracted regardless of changes in
sea level or SST, and pyrite precipitation during anoxic events in individual
basins was not great enough to drive positive global δ34S shifts.

INTRODUCTION
The Early Triassic (252-247 Ma) was a period characterized by marine
biological recovery following the end-Permian mass extinction (EPME; Alroy et
al., 2008), lethally warm sea surface temperatures (Sun et al., 2012), regionally
widespread anoxic events (Grasby et al., 2013; Tian et al., 2014), and globally
distributed shallow marine microbial deposits in the absence of coral reefs (Baud
et al., 2007; Kershaw et al., 2012). Large, rapid shifts of several marine stable
isotope systems occur, including sulfur (Holser, 1977; Claypool et al., 1980),
carbon (Payne et al., 2004; Galfetti et al., 2007a), oxygen (Sun et al., 2012,
Joachimski et al., 2012; Romano et al., 2013), strontium (Martin and Macdougall,
1995; Korte et al., 2003), and uranium (Brennecka et al., 2011; Lau et al., 2016;
Elrick et al., 2017). The large isotopic shifts reflect global oceanographic
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perturbations that likely affected the pattern of biological recovery following the
EPME (Chen and Benton, 2012; Payne and Clapham, 2012).
The Lower Triassic marine evaporite δ34S record indicates one of the
largest positive excursions of the Phanerozoic (+10 to +30 ‰; Holser, 1977;
Claypool et al., 1980; Cortecci et al., 1981; Wilgus, 1981; Holser et al., 1989a;
Scholle, 1995; Strauss, 1997). Higher resolution δ34S records from evaporite and
pyrite minerals have largely focused on a short time interval (<1 My) across the
P-T boundary (Kajiwara et al., 1994; Kaiho et al., 2001; Newton et al., 2004;
Riccardi et al., 2006; Gorjan and Kaiho, 2007; Algeo et al. 2008; Grasby and
Beauchamp, 2009; Nielsen et al. 2010; Takahashi et al., 2013). Recent
improvements in extraction methods and analytical measurements of carbonateassociated sulfate – CAS (Burdett et al., 1989) have led to an increase in CASbased δ34S studies across the boundary (Riccardi et al., 2006; Kaiho et al., 2006,
2012; Marenco et al., 2008a, 2008b; Luo et al., 2010; Song et al., 2014).
Recently, a δ34SCAS record covering the entire Early Triassic was
published from South China (Tethys, Fig. 1A; Song et al., 2014), indicating three
large positive excursions interpreted to reflect lowered seawater sulfate
concentrations (Song et al., 2014). Here, we test whether the δ34SCAS record is
global by reconstructing a biostratigraphically controlled Lower Triassic δ34SCAS
record from the western U.S. (representing eastern Panthalassa), for comparison
with the South China record (Fig. 1A). Using pre-existing ammonite
biostratigraphy, we compare the timing of positive and negative shifts with South
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China δ34SCAS data, and interpret paleoceanographic drivers for global δ34SCAS
shifts.
The western U.S. record spans the entire Early Triassic with wellestablished ammonite biostratigraphy (Guex et al., 2010; Jenks et al., 2013;
Brayard et al., 2013), and carbonate intervals for sampling throughout. Due to a
regional Permian-Triassic (P-T) unconformity, it is unclear how much of the
lowermost (Griesbachian) record is missing from the western U.S. record.
However, the Smithian-Spathian interval is significantly thicker (~300 m) in the
western U.S., with many carbonate beds for CAS sampling. The contribution of
western U.S. δ34SCAS data across this interval provides insight toward
understanding oceanographic and biological changes across the SmithianSpathian boundary (Brayard et al., 2006; Orchard, 2007; Galfetti et al., 2007b;
Chen et al., 2013).
The specific objectives are to: 1) describe δ34SCAS and δ13Ccarb trends from
four biostratigraphically controlled sections from the western U.S. (Utah and
Idaho), 2) reconstruct composite δ34SCAS and δ13Ccarb age-based records using
sequence, bio-, and carbon isotope stratigraphy, 3) test whether the δ34SCAS
record is global by comparison of timing of δ34SCAS shifts between eastern
Panthalassa (western U.S.) and Tethys (South China), 4) interpret
paleoceanographic drivers for positive δ34S excursions, and 5) compare timing of
positive δ34S excursions with other stable isotope and paleotemperature/redox
proxy records.
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Figure 1. (A) Global Lower Triassic paleogeography (modified from Blakey, 2011)
showing the locations of δ34SCAS records from this study (western U.S.) and
South China (S.C.). (B) Regional Lower Triassic paleogeography (shown during
Smithian stage) and locations of study sections. In the Confusion Range, DH =
Disappointment Hills and CP = Cowboy Pass. In the Bear Lake area, HS = Hot
Springs and GT = Georgetown. (C) Generalized stratigraphy across the study
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area. Lower Triassic stage boundaries and radiometric ages from Burgess et al.
(2014) and Ovtcharova et al. (2015); the Permian-Triassic unconformity is
indicated by a wavy line. Ammonite levels (spiral symbol; Guex et al., 2010;
Jenks et al., 2013; Brayard et al., 2013) include Meekoceras gracilitatis (M.g.),
Preflorianites–Kashmirites (P.k.), Inyoites beaverensis (I.b.), Owenites (O.),
Anasibirites kingianus (A.k.), Bajarunia (Baj.), Tirolites (Tir.), Colombites (Col.),
and Neopopanoceras haugi (N.h.). Dashed lines indicate age boundaries
determined by ammonite biostratigraphy.

SULFUR BIOGEOCHEMISTRY
Marine sulfate concentrations and the δ34S of seawater (34S/32S) reflect
the balance between riverine influx of sulfate from the oxidative weathering and
dissolution of continental sulfide and sulfate minerals, volcanic outgassing, and
burial as sulfides and sulfates (Fig. 2; Bottrell and Newton, 2006). Secular
variations of the Phanerozoic marine sulfur isotope (δ34S) record reflect the
fractional burial of organic-rich pyritic facies, because the influx of dissolved
sulfate (riverine and volcanic origins) is much smaller proportionally to deposition
of sulfide in marine sedimentary basins (Fig. 2; Walker, 1986; Holser et al.,
1989b; Strauss, 1997; Canfield, 2004; Bottrell and Newton, 2006). Anaerobic
sulfur-reducing bacteria (SRB) respire SO4- and kinetically prefer the light 32S
isotope, producing isotopically light H2S gas that reacts with available Fe2+ to
form pyrite, thereby enriching residual porewater/seawater in the heavy 34S
isotope (Kaplan and Rittenberg, 1964; Chambers and Trudinger, 1979; Canfield,
2001; Bottrell and Newton, 2006).
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Figure 2. Global δ34S reservoirs, showing average isotopic values and fluxes
(values from Bottrell and Newton, 2006).

In modern oceans, high sulfate concentrations result in a long residence
time for S in seawater (13-20 Ma; Claypool et al., 1980; Bottrell and Newton,
2006), and Cenozoic δ34S values indicate only small variation (<5 ‰) from
modern seawater (+21‰; Paytan et al., 1998). Shorter-term (<10 My) δ34S
variability has been interpreted to reflect lowered seawater sulfate concentrations
during the Proterozoic (Kah et al., 2004; Gellatly and Lyons, 2005; Hurtgen et al.,
2005; Loyd et al., 2012); Late Cambrian (Gill et al., 2007, 2011a), Late
Ordovician (Thompson and Kah, 2012), Late Devonian (Sim et al., 2015), Early
Triassic (Luo et al., 2010; Song et al., 2014), Early Jurassic (Gill et al., 2011b),
and the Late Cretaceous (Kajiwara and Kaiho, 1992; Adams et al., 2010; Owens
et al., 2013).
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Carbonate-associated sulfate (CAS) refers to sulfate ions that structurally
substitute for carbonate into the calcite and aragonite crystal lattice. Because the
fractionation from the incorporation of δ34S into shelf evaporite and CAS is
minimal (<1 ‰), their values theoretically provide a seawater proxy (Bottrell and
Newton, 2006). The δ34SCAS of modern carbonates has been shown to reproduce
global seawater δ34S values (Burdett et al., 1989; Lyons et al., 2004), and
contemporaneous evaporite- and barite- based δ34S data (Kah et al., 2001;
Kampschulte and Strauss, 2004; Rennie and Turchyn, 2014). Whereas the vast
majority of Phanerozoic δ34S data are derived from the analysis of gypsum
(Holser, 1977; Claypool et al., 1980), pyrite (Strauss, 1997), and barite (Paytan et
al., 1998), marine limestones are more common than sedimentary evaporite or
pyrite, and precipitate directly from seawater rather than evaporative or pore
fluids (Strauss, 1999; Kah et al., 2004; Kampschulte and Strauss, 2004).
Because δ34SCAS values could be influenced by local water masses of different
isotopic compositions, sulfur isotope depth gradients, or isotopically evolved pore
fluids, δ34SCAS trends from widely spaced regions must be correlated to ensure a
global signal (e.g., Gill et al., 2011).

METHODS

Study sections
The western U.S. was chosen for construction of the Lower Triassic
δ34SCAS curve based on the occurrence of a thick (~1 km), biostratigraphically
controlled record that spans nearly the entire Early Triassic, with high resolution
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coverage of the Smithian-Spathian boundary (Figs. 1C and 3; Guex et al., 2010;
Jenks et al., 2013; Brayard et al., 2013). The western U.S. basin (Arizona, Utah,
Idaho, Montana, Wyoming) during the Early Triassic was a northward- and
westward- deepening epicontinental seaway located inland of the Sonoman
thrust belt, western equatorial Pangea (Collinson et al., 1976; Carr and Paull,
1983). Three successive Early Triassic transgressions and regressions resulted
in the development of 1-3 My sequences above a regional Permian-Triassic
unconformity (Figs. 1C and 3). These sequences are coeval with My-scale
transgressive-regressive sequences developed in other global sections and thus
represent eustatic sea-level changes (Embry, 1988; Haq et al., 1988). Section
locations are in a distal shelf setting, which accumulated nearly continuous
deposition throughout the Early Triassic. Contemporaneous middle through
inner shelf settings of Smithian and Spathian age occur across southern and
eastern Utah (Chapters 1 and 2; McKee, 1954; Stewart et al., 1972; Blakey,
1974; Carr and Paull, 1983; Dubiel, 1994; Lucas et al., 2007; Goodspeed and
Lucas, 2007).
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Figure 3. Lower Triassic stratigraphy in the western U.S. Ammonite levels
(Guex et al., 2010; Jenks et al., 2013; Brayard et al., 2013) are simplified, and
use the same abbreviations as Figure 1. Detailed measured stratigraphic
columns are provided in the Supplementary Materials.
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Bear Lake, southeastern Idaho
The Bear Lake region of southeastern Idaho contains some of the thickest
(~1 km) and most complete Lower Triassic records in North America (Newell and
Kummel, 1942; Kummel, 1943, 1954; Jenks et al., 2013). The Bear Lake δ34SCAS
curve is a composite of two sections spaced ~40 km apart (Hot Springs – HS,
and Georgetown – GT, Figs. 1B and 3). At HS, offshore marine shale and
subtidal silty limestone beds of the Griesbachian-Dienerian Dinwoody Formation
overlie offshore marine shale of the Upper Permian Phosphoria Formation (Paull
and Paull, 1983; Hofmann et al., 2013). Although it is uncertain how much time
is missing at the P-T unconformity, Griesbachian and Dienerian conodonts were
observed in the lower part of the Dinwoody Formation (Clark and Carr, 1984).
The Dinwoody Formation is overlain by the Dienerian Woodside Formation,
which is composed of non-marine red mudstone, siltstone, and sandstone, with
upward-increasing limestone interbeds (Paull and Paull, 1983). The Dinwoody
and Woodside Formations record a Griesbachian through Dienerian
transgression and regression that is localized in the deeper northern part of the
western U.S. basin (Paull and Paull, 1983; Carr and Paull,. 1983).
The overlying Thaynes Group consists of a lower part of Smithian age,
and an upper part of Spathian age (Fig. 3). The lower Thaynes consists of
subtidal limestone beds containing the lower Smithian Meekoceras gracilitatis
ammonite, overlain by a thick poorly exposed to covered interval composed of
offshore organic-rich mudstone (Kummel, 1943; Jenks et al., 2013). This interval
represents a regional Smithian transgression, and correlates with the Timpoweap
99

and Sinbad Formations of the Thaynes Group in southern Utah (Carr and Paull,
1983; Lucas et al., 2007; Goodspeed and Lucas, 2007). Limestone beds that
correlate to the covered mudstone interval were sampled from the nearby GT
location, which contains the upper Smithian Anasibirites kingianus ammonite
(Jenks et al., 2013).
The upper Thaynes at HS, above the covered Smithian interval, is
characterized by interbedded subtidal limestone that contains the lower Spathian
Tirolites ammonite. This is overlain by offshore organic-rich shale that contains
the Colombites ammonite (Jenks et al., 2013) and represents a regional Spathian
transgression, and correlates with the Virgin Formation in southern Utah (Carr
and Paull, 1983; Lucas et al., 2007; Goodspeed and Lucas, 2007). The shale is
overlain by siltstone and red mudstone beds tracking a gradual regression during
the Spathian. The uppermost Thaynes contains thin intertidal limestone beds
that correlate with beds from a nearby section that contain the uppermost
Spathian Neopopanoceras haugi ammonite. These are overlain by crossbedded eolian sandstone and red mudstone of the Middle Triassic Ankareh
Formation. The uppermost Spathian beds represent a fourth Early Triassic
transgression, and may correlate with gypsum deposits of the local Schnabkaib
Formation in southern Utah (McKee, 1954).

Confusion Range, western Utah
The Confusion Range of western Utah contains a thick (~300 m) interval
of Smithian and Spathian marine deposits (Hose and Repenning, 1959; Guex et
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al., 2010; Brayard et al., 2013). The Confusion Range δ34SCAS curve is a
composite of two measured sections spaced ~7 km apart (Disappointment Hills –
DH, and Cowboy Pass – CP, Figs. 1B and 3). The localities contain the
uppermost Smithian ammonite Anasibirites kingianus (at DH) and the lowermost
Spathian ammonite Bajarunia (at CP), which is rare among other global sections,
and indicates a nearly continuous record across the Smithian-Spathian boundary
(Guex et al., 2010). At DH, the lower part of the Thaynes Group sits
unconformably on the middle Permian Gerster Formation (Hose and Repenning,
1959). The basal Thaynes Group contains the lower Smithian ParachirognathusFurnishius conodont and Meekoceras gracilitatis ammonite (Brayard et al.,
2013), and is overlain by a thick interval of shale with thin limestone interbeds.
This interval contains the early Smithian ammonites Preflorianites–Kashmirites
and Inyoites beaverensis, and middle Smithian Owenites (Brayard et al., 2013).
The uppermost limestone contains late Smithian conodonts Neospathodus
conservativus and Neogondolella milleri, and late Smithian ammonite
Anasibirites kingianus (Collinson et al., 1976; Guex et al., 2010; Brayard et al.,
2013). The top of the section ends in red beds and is incomplete due to faulting.
This interval of the lower Thaynes Group records the Smithian transgressionregression.
The upper Thaynes Group at CP begins with similar red beds to those
observed at the top of DH, which are overlain by interbedded siltstone and
limestone containing the earliest Spathian ammonite Bajarunia, followed by the
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early Spathian Tirolites and Colombites ammonites. This interval of upper
Thaynes Group records the Spathian transgression.

CAS extraction
CAS from bulk limestone samples was converted to barite for isotopic
analyses following well-established methods (Burdett et al., 1989; Marenco et al.,
2008a, 2008b). CAS samples were selected from limestone beds free of
dolomite, pyrite, veins, and with minimal siliciclastics. Samples were crushed to
a fine powder in a shatter box and ~50-100g were subjected to two consecutive
8-hour washes in 1 L of deionized water and decanted. The deionized water
rinses serve to oxidize and remove trace soluble S phases. To remove organic
sulfur species, the samples were subjected to a ~300 mL solution consisting of
50 mL of 0.6% NaOCl (bleach) added to 1950 mL of deionized water for 12
hours. The decanted sample was washed in DI for 12 hours three separate
times to remove the bleach solution.
The samples were reacted with ~300 mL 6 N HCl, the amount of which
was calculated based on the approximate starting mass of calcite, and the
samples in HCl were left for 24 hours to ensure complete dissolution. Insoluble
residues were vacuum pumped through a series of filter papers (~20 μm coffee
filter, 0.55 μm paper filter, and 0.45 μm membrane filter), and were weighed. An
aliquot of ~50 mL of barium chloride (BaCl2) was added to each sample after
heating to ~60°C based on the starting mass of calcite. The reaction was
completed over four days to ensure complete barite precipitation. The
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precipitated barite was washed with 18 MΩ deionized water, vacuum filtered
through a 0.45 μm membrane filter, and dried and weighed. CAS concentrations
are reported as the mass of the barite precipitate divided by the starting calcite
mass.

Isotopic measurements
Dried barite powders were homogenized and loaded into silver capsules
and analyzed for their 34S/32S ratios using an isotope ratio mass spectrometer
fitted with an elemental analyzer for sample combustion and analysis. All δ34S
ratios are expressed in standard delta notation as per mil (‰) deviations from
Vienna Canyon Diablo Troilite (V-CDT), with analytical errors of less than 0.1‰
(Table 1). Samples of the bulk carbonate powders were analyzed for δ13C and
δ18O values, and a smaller subset of barite samples was analyzed for the δ18O
composition of CAS sulfate (Table 1).

RESULTS

Isotopic measurements
δ34SCAS values from the four study sections are listed in Table 1 and
plotted by stratigraphic thickness on Figure 4. At HS, δ34SCAS data range from
+13.9‰ to +56.8‰ and record three positive (P1, P2, P3) and three negative
(N1, N2, N3) shifts during the Early Triassic. Low δ34SCAS values (+13.9‰ to
+21.1‰) occur in the lower part of the Dinwoody Formation, followed by a
positive shift to +40‰ in the middle part (P1), and a negative shift in the upper
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part to +22‰ (N1). A second positive shift to +44‰ (P2) occurs in the upper
Woodside Formation, followed by a negative shift (N2) that occurs near the
boundary with the overlying lower Thaynes Group (‘Meekoceras-beds’). The
negative shift persists toward a minimum value of +23‰ toward the top of the
nearby GT section (‘Anasibirites beds’). Maximum δ34SCAS values of +57‰ occur
in the upper Thaynes Group at HS (‘Tirolites-beds’), indicating a third positive
shift (P3), followed by a gradual negative shift (N3) to +21‰ that occurs
throughout the upper Thaynes Group (‘Colombites and ‘Neopopanoceras haugi
beds’).
Confusion Range δ34SCAS values indicate a negative trend (+28.5‰ to
+18.5‰) in the lower Thaynes Group at DH (‘Meekoceras and Anasibirites
beds’), followed by a shift toward higher values (+31.8‰ to +39.6‰) in the upper
Thaynes Group at CP (‘Bajarunia, Tirolites, and Colombites beds’). Upper
Smithian values at Confusion Range are similar to contemporaneous values
recorded from the Georgetown section in the Bear Lake area, and appear to
record a continuation of the negative trend into the uppermost Smithian. Lower
Spathian values at Confusion Range are significantly lower (~10-15‰) than at
Bear Lake.
Comparisons between δ34SCAS values and other geochemical values are
plotted on Figure 5. Measured δ13Ccarb values range from -2.4‰ to +7.9‰ at
Bear Lake and -6.4‰ to +2.7‰ in the Confusion Range, and record three
positive δ13C shifts that correspond in timing with δ34SCAS shifts (Fig. 5). Other
measured parameters, including CAS concentrations (14-471 ppm) and δ18OCAS
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values (+13‰ to +21‰), are either weakly or not significantly correlated with
δ34SCAS values.

Figure 4. Western U.S. δ34SCAS data plotted by stratigraphic thickness. The Bear
Lake δ34SCAS record is a composite of Hot Springs and Georgetown sections,
and Confusion Range is a composite of Disappointment Hills and Cowboy Pass
sections. The Confusion Range δ34SCAS record provides high-resolution detail
across the Smithian-Spathian boundary, which is the correlation datum. The
thick gray line represents the three positive excursions during the Griesbachian
(P1, N1), Dienerian-Smithian (P2, N2), and Smithian-Spathian (P3, N3).
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Figure 5. All Lower Triassic geochemical data from the western U.S. plotted by
stratigraphic thickness, with lines indicating calculated LOWESS regression
curves based on the method of Cleveland (1979).
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Bear Lake
Sample

Meter

Age
(Ma)

δ34S

δ13C

δ18O

δ18O

CAS

carb

carb

CAS

[CAS]
(ppm)

Spath

CV-13.5

894.0

247.05

21.4

1.1

-4.6

15.8

179

Spath

HSG-8.5

887.0

247.30

22.8

2.4

-1.9

NA

57

Spath

HSG-6

886.0

247.55

23.9

2.5

-4.6

NA

118

Spath

CV-2.5

883.0

247.80

24.7

0.2

-4.4

17.2

371

Spath

CV-1

882.0

248.05

24.5

-0.4

-4.8

17.0

212

Spath

HSG-1.5

881.0

248.30

26.8

1.8

-5.0

NA

14

Spath

HSF-46

765.0

248.55

28.3

0.2

-4.0

NA

143

Spath

HSF-15.7

736.0

248.80

30.5

0.7

-5.2

NA

59

Spath

HSF-1.3

721.0

249.05

29.4

1.0

-5.5

NA

71

Spath

HSE-72.5

660.0

249.30

46.9

4.9

-4.8

19.5

83

Spath

HSE-68.5

656.0

249.55

36.8

5.1

-4.4

NA

147

Spath

HSE-61.5

649.0

249.80

38.6

5.1

-4.0

NA

137

Spath

BL-648.5

648.5

250.05

36.0

4.6

-4.9

16.4

151

Spath

HSE-55

639.0

250.30

43.3

5.4

-5.2

19.1

176

Spath

HSE-41

621.0

250.55

41.9

6.2

-4.4

NA

125

Spath

HSE-30

613.0

250.56

51.5

6.2

-4.5

20.3

199

Spath

BL-606

606.0

250.56

46.5

7.9

-4.4

20.7
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Spath

HSE-18

605.0

250.57

37.8

6.9

-4.7

NA

79

Spath

BL 592

592.0

250.58

47.0

6.2

-5.4

19.0

53

Spath

BL-588.5

588.5

250.58

42.5

6.4

-4.6

NA

NA

Spath

HSE-5.5

587.0

250.59

56.8

6.7

-4.1

NA

121

Spath

BL 584

584.0

250.59

45.3

7.4

-5.1

NA

46

Spath

HSE-0.1

583.0

250.60

54.3

7.0

-5.0

NA

NA

Smith

GT-S5

515.9

250.67

23.1

2.2

-8.8

NA

NA

Smith

GT-S4

498.9

250.74

33.5

-1.8

-4.7

NA

NA

Smith

HSD-42.4

456.4

250.81

NA

NA

NA

NA

46
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Sample

Meter

Age
(Ma)

δ34S

δ13C

δ18O

δ18O

CAS

carb

carb

CAS

[CAS]
(ppm)

Smith

GT-S3

455.0

250.88

39.5

3.4

1.7

NA

NA

Smith

HSD-40.3

454.0

250.95

35.3

-2.4

-4.1

13.9

67

Smith

BL 452

452.0

251.02

31.3

-2.2

-4.2

15.9

NA

Smith

GT-S2

450.0

251.09

39.3

4.5

-5.5

NA

NA

Smith

HSD-36.2

449.0

251.16

32.8

-0.6

-4.1

16.2

36

Smith

GT-S1

447.0

251.23

43.2

4.7

-5.7

NA

NA

Smith

HSD-32.7

446.0

251.30

36.5

0.6

-3.9

16.7

59

G-D

BL 435

435.0

251.32

29.0

2.6

-5.1

17.4

142

G-D

BL 430

430.0

251.33

29.9

2.9

-5.4

17.8

150

G-D

HSD-12.8

430.0

251.35

28.5

3.1

-4.8

15.9

320

G-D

BL 426.5

426.5

251.36

31.5

3.8

-5.8

19.8

170

G-D

BL 425

425.0

251.38

31.0

4.1

-5.3

18.8

144

G-D

HSD-7.9

424.0

251.40

30.5

3.2

-5.1

NA

210

G-D

BL 419.5

419.5

251.41

36.9

4.1

-4.9

19.7

193

G-D

HSD-3.5

418.0

251.43

42.1

3.8

-5.1

NA

317

G-D

HSD-2.2

415.0

251.45

41.8

2.3

-4.9

19.2

101

G-D

HSC-153

355.0

251.46

44.0

3.7

-5.2

NA

282

G-D

BL-354.5

354.5

251.48

33.8

2.1

-3.3

NA

147

G-D

BL-351

351.0

251.49

43.2

2.7

-5.4

NA

99

G-D

BL 343

343.0

251.51

27.7

3.2

-5.5

18.0

314

G-D

BL-337.5

337.5

251.53

34.8

3.9

-5.4

NA

58

G-D

BL 336

336.0

251.54

30.4

3.3

-5.8

18.6

150

G-D

BL 331

331.0

251.56

26.9

4.3

-6.1

17.0

472

G-D

HSC135.2

330.0

251.57

38.2

3.6

-5.3

NA

115

G-D

HSB121.6

196.0

251.59

22.3

3.5

-5.2

NA

52

G-D

BL-185

185.0

251.61

27.0

2.7

-5.0

NA

139

108

Sample

Meter

Age
(Ma)

δ34S

δ13C

δ18O

δ18O

CAS

carb

carb

CAS

[CAS]
(ppm)

G-D

HSB100.3

177.0

251.62

25.9

-0.5

-4.5

NA

260

G-D

HSB-88

165.0

251.64

25.5

-0.6

-4.6

NA

252

G-D

HSB-78.7

155.0

251.65

39.7

0.1

-5.1

NA

184

G-D

BL-152

152.0

251.67

28.0

-1.3

-5.3

NA

203

G-D

BL-147.5

147.5

251.69

37.3

0.7

-4.7

NA

79

G-D

HSB-68.2

147.0

251.70

38.6

0.1

-4.9

NA

164

G-D

BL-144

144.0

251.72

32.5

-0.1

-5.1

NA

104

G-D

HSB-36.6

144.0

251.74

25.9

0.4

-5.1

NA

137

G-D

BL-127.6

126.6

251.75

25.0

1.2

-4.8

NA

139

G-D

HSB-20.6

126.0

251.77

27.0

1.3

-5.1

20.3

200

G-D

HSB-13.3

120.0

251.78

32.3

1.6

-4.6

NA

150

G-D

BL-111.5

111.5

251.80

33.2

1.3

-4.6

NA

94

G-D

HSB-2.3

111.0

251.82

23.2

0.9

-4.7

19.6

137

G-D

HSB-0.1

108.5

251.83

25.4

0.2

-5.6

19.0

44

G-D

BL-94.5

94.5

251.85

21.1

-0.1

-4.7

NA

89

G-D

BL-91.5

91.5

251.86

23.3

NA

NA

NA

173

G-D

HSA-9

9.0

251.88

13.9

0.3

-0.8

17.3

263
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Confusion Range
Sample

Meter

Age
(Ma)

δ34S

δ13C

δ18O

δ18O

CAS

carb

carb

CAS

[CAS]
(ppm)

Spath

D11

382.0

250.55

36.0

-0.8

NA

17.9

172

Spath

D10

374.0

250.55

35.6

0.3

NA

NA

132

Spath

D9

365.0

250.56

39.6

-0.1

NA

19.1

NA

Spath

D8

354.0

250.56

38.4

-0.2

NA

18.6

NA

Spath

D7

346.0

250.56

35.5

2.7

NA

19.6

NA

Spath

D6

344.0

250.56

34.2

1.7

NA

18.3

51

Spath

D5

334.0

250.57

35.6

1.1

NA

18.6

NA

Spath

D4

327.0

250.57

31.9

2.1

NA

NA
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Spath

D3

319.0

250.57

32.1

0.1

NA

16.9

48

Spath

D2

313.0

250.57

32.4

-1.3

NA

16.7

211

Spath

D1

312.0

250.58

31.8

-0.9

NA

16.8

88

Spath

C-9

219.0

250.58

34.7

-4.9

NA

18.4

143

Spath

C-8

218.0

250.58

36.1

-5.3

NA

19.4

189

Spath

C-7

217.0

250.58

36.8

-5.0

NA

21.1

103

Spath

C-6

214.0

250.59

34.2

-6.4

NA

18.3

103

Spath

C-5

212.0

250.59

36.2

NA

NA

19.2

169

Spath

C-4

210.0

250.59

34.9

-6.2

NA

14.7

155

Spath

C-3

194.0

250.59

32.5

-6.2

NA

16.7

172

Spath

C-2

180.0

250.60

35.6

-4.9

NA

NA

163

Spath

C-1

170.0

250.60

35.4

-5.2

NA

18.6

212

Spath

C-0

165.0

250.60

33.6

-5.7

NA

19.1

128

Smith

DH-116

84.0

250.67

19.3

NA

NA

NA

153

Smith

DH-115

82.0

250.74

22.2

NA

NA

NA

308

Smith

DH-114

80.0

250.81

26.2

NA

NA

NA

289

Smith

DHB-13

79.0

250.88

18.5

NA

NA

NA

37

Smith

DHB-12

76.0

250.94

23.2

NA

NA

NA

330

Smith

DHB-11

66.0

251.01

25.1

NA

NA

NA

341
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Sample

Meter

Age
(Ma)

δ34S

δ13C

δ18O

δ18O

CAS

carb

carb

CAS

[CAS]
(ppm)

Smith

DHB-9

48.0

251.08

23.4

NA

NA

NA

274

Smith

DHB-8

45.0

251.15

23.1

NA

NA

NA

39

Smith

DH-106

36.0

251.22

22.8

-5.4

NA

NA

395

Smith

DH-105

24.0

251.23

24.1

-5.5

NA

NA

294

Smith

DH-104

22.0

251.23

27.4

NA

NA

NA

195

Smith

DH-103

16.0

251.24

19.7

-4.4

NA

NA

346

Smith

DH-102

12.0

251.25

22.6

NA

NA

NA

393

Smith

DH-101

9.0

251.25

22.6

-4.3

NA

NA

140

Smith

CR-8.4

8.4

251.26

27.6

-2.3

NA

17.5

90

Smith

DH-14
AVG

7.0

251.27

25.6

NA

NA

NA

NA

Smith

DH-14-1

7.0

251.27

25.0

NA

NA

NA

NA

Smith

DH-14-2

7.0

251.28

26.4

NA

NA

NA

NA

Smith

DH-14-3

7.0

251.29

24.4

NA

NA

NA

NA

Smith

DH-14-4

7.0

251.29

26.7

NA

NA

NA

NA

Smith

CR-2.5

2.5

251.30

28.5

-2.0

NA

17.3

198

Table 1. Lower Triassic stable isotope data from Bear Lake and Confusion Range.
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Chronostratigraphy
Lower Triassic stage divisions used in this study (Burgess et al., 2014;
Ovtcharova et al., 2015) differ slightly from Gradstein et al. (2012) and are based
on recent radiometric dating of zircons in boundary ash layers, mainly from South
China, correlated using conodont and ammonite stratigraphy (Fig. 1C). They
include the P-T boundary at 251.88 ±0.03 Ma (Burgess et al., 2014), 251.22 ±0.2
Ma near the base of the Smithian (Galfetti et al., 2007a), 250.55 ±0.4 near the
base of the Spathian (Ovtcharova et al., 2006), and 247.05 ±0.16 Ma at the top
of the Spathian (Lehrmann et al., 2006; Ovtcharova et al., 2015). The
Griesbachian stage is considered to represent about twice as much time as the
Dienerian (Guo et al., 2008; Algeo et al., 2013). Our δ34S samples are assigned
ages based on their stratigraphic relationship with established stage boundaries
from previously published ammonite biostratigraphy (Fig. 3; Guex et al., 2010;
Jenks et al., 2013; Brayard et al., 2013).

DISCUSSION

Isotopic trends
Composite Lower Triassic δ34SCAS and δ13Ccarb curves from the western
U.S. sections, plotted by age, are shown in Figure 6. The composite δ34SCAS
record documents three positive excursions: the oldest peak in the Griesbachian,
the next peak across the Dienerian-Smithian boundary, and the youngest peak at
the Smithan-Spathian boundary. Timing of positive and negative δ34SCAS shifts is
constrained using pre-existing ammonite biostratigraphy (Guex et al., 2010;
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Jenks et al., 2013), correlation to the global δ13C curve (Payne et al., 2004;
Galfetti et al., 2007a), and established Lower Triassic stage boundaries (Burgess
et al., 2014; Ovtcharova et al., 2015).

Figure 6. Biostratigraphic correlation and composite western U.S. Lower Triassic
δ34SCAS curve using approximate Lower Triassic stage subdivisions based on
radiometric ages from Burgess et al. (2014). Thick gray line outlines three
positive δ34SCAS excursions: the Griesbachian positive excursion (GPE),
Dienerian-Smithian positive excursion (DSPE), and Smithian-Spathian positive
excursion (SSPE).
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The Griesbachian positive excursion (GPE; including the P1, N1 events) is
the smallest magnitude (19‰ increase) and shortest duration (<1 My). The
longer (~1 My) and larger magnitude (22‰ increase) Dienerian-Smithian positive
excursion (DSPE) begins with a rapid positive shift (P2) in the Woodside
Formation at HS and is followed by a gradual negative shift (N2) in uppermost
Smithian beds at GT and CP. The Smithian-Spathian positive excursion (SSPE)
is the longest (~3 My) and largest-magnitude (22‰ to 34‰ increase) positive
excursion and consists of a rapid positive shift (P3) across the Smithian-Spathian
boundary, indicated by low values in uppermost Smithian beds at GT and DH,
and maximum Lower Triassic values in lowermost Spathian beds at CP (+40‰)
and HS (+57‰). The rapid positive shift is followed by a gradual negative shift
(N3) that ends in uppermost Spathian deposits at HS.
It is unclear why Spathian Confusion Range δ34SCAS and δ13Ccarb values
are lower than contemporaneous Bear Lake δ34SCAS values. A similar offset in
δ34S and δ13C values between sections of Neoproterozoic carbonates has been
interpreted to reflect isotopic stratification of the water column (Shen et al., 2010,
2011), an idea that has been proposed for the Early Triassic sulfur (Holser, 1977)
and dissolved inorganic carbon (DIC) reservoir (Meyer et al., 2011; Song et al.,
2012, 2013). Early diagenetic organic-rich brines could have driven Confusion
Range δ34SCAS values lower; indicating that maximum lower Spathian values
recorded at Hot Springs are accurate. Alternately, pyrite precipitation by SRB in
pore spaces during early diagenesis could have driven Hot Springs δ34SCAS to
higher values; however, this would have been expected to lower CAS
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concentrations, which is not observed (Fig. 5). Currently, there are no other
global high-resolution lower Spathian δ34SCAS data for comparison. Finally, the
offset in values could be due to a slight variation of age across the basin, wherein
the lower Spathian record at Confusion Range is slightly older than at Bear Lake,
suggested by the occurrence of the lowermost Spathian Bajarunia ammonite at
the Confusion Range. In this scenario, the Confusion Range data records the
beginning of the positive δ34S shift across the Smithian-Spathian boundary, and
Bear Lake sections record maximum values of the SSPE.
The western U.S. δ13Ccarb trends record three positive excursions that
match the well-established global δ13C curve (Payne et al., 2004; Galfetti et al.,
2007a; Hermann et al., 2011; Meyer et al., 2013; Grasby et al., 2013; Song et al.,
2014; Caravaca et al., 2017), indicating a connection between the western U.S.
basin and global seawater. A positive correlation between δ34SCAS and δ13C
(Figs. 5 and 7) suggests a common driver related to global pyrite sulfur and
organic carbon burial in anoxic environments. The lack of correlation between
positive δ34SCAS excursions with organic-rich shales in the study area (Fig. 4)
indicates that δ34SCAS does not reflect local redox conditions. δ18OCAS trends
show some similarity with δ34SCAS data, and may indicate SRB discrimination for
sulfate with light 16O, which has been observed in modern bacteria (e.g., Böttcher
et al., 2001; Brunner et al., 2005), but has received little attention in the geologic
past (e.g., Rennie and Turchyn, 2014).
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Figure 7. Composite Lower Triassic δ34SCAS and δ13Ccarb curves and cross-plot
for Bear Lake data, showing covariance among the three positive excursions
(same abbreviations as Figure 6).

Western U.S. and South China δ34SCAS comparisons
The South China Lower Triassic δ34SCAS record produced by Song et al.
(2014) consists of three positive excursions (Fig. 8). The first positive excursion
represents a double peak (+26‰ and +24‰) from the lower to middle/upper
Griesbachian. The second positive excursion (+28‰) occurs across the
Dienerian-Smithian boundary. The third positive excursion (+13‰) occurs during
the upper Smithian to middle Spathian. Similar to the western U.S. record,
δ34SCAS trends also co-vary with δ13Ccarb trends (Song et al., 2014). Generally,
the first (double-peak) positive excursion in the South China record matches the
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GPE in the western U.S, followed by the second with the DSPE, and the third
with the SSPE (Fig. 8). Whereas minimum values in both isotope records are
similar, maximum values for the three positive δ34S excursions in the western
U.S. are significantly higher (+40‰, +44‰, and +57‰) than South China (+35‰,
+44‰, and +33‰). Similar timing of δ34SCAS trends observed in the western US
and South China records indicates that the three positive Lower Triassic δ34SCAS
excursions are global. The positive correlation between global δ34SCAS and
δ13Ccarb trends indicate a common driver based on contemporaneous global
burial of organic carbon and pyrite sulfur in anoxic marine environments.
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Figure 8. Western U.S. composite Lower Triassic δ34SCAS record compared with
South China δ34SCAS record, which was re-plotted by thickness for clarity using
data from the Lower Guandao section of Song et al. (2014).

Global driver for δ34S and δ13C shifts
The covariance between δ34SCAS and δ13Ccarb trends may be explained
based on the biogeochemical links between the S and C cycles, which suggests
a relationship in their isotope records (Claypool et al., 1980; Garrels and Lerman,
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1981; Berner, 1989; Kump, 1989; Scholle, 1995). When sulfate concentrations
are low (similar to the DIC reservoir), δ34SCAS shifts reflecting the amount/rate of
burial of bacterially reduced pyrite can be compared at a similar temporal
resolution as contemporaneous δ13Ccarb records (Kah et al., 2004; Gill et al.,
2007; 2011). Secular trends in marine δ13C reflect the balance between inputs
from riverine influx and burial of organic matter. As organic matter is enriched in
12C

compared to the oxidized reservoir, widespread organic matter burial (which

is enhanced by poorly oxygenated seawater) results in higher δ13C values of
dissolved inorganic carbon (DIC) and carbonate minerals precipitating from that
seawater; therefore, intervals of increased organic carbon burial are marked by
positive δ13C shifts (Schlanger et al., 1987; Jenkyns and Clayton, 1997). Anoxic
marine environments where isotopically light organic carbon is preserved and
buried are typically enriched in SRB, resulting in contemporaneous burial of
isotopically light pyrite where Fe2+ is available.
Widespread removal of the light 12C and 32S isotopes from seawater
during an anoxic event would enrich the oceanic reservoir with respect to δ34S
and δ13C, driving positive shifts in δ34SCAS and δ13Ccarb of global seawater and
shelf carbonates. The rate of the isotopic shift would indicate the amount or rate
of removal of 12C and 32S and burial in marine basins. Negative shifts would be
driven by riverine influx of oxidized sulfates and sulfides from the continental
weathering during periods of reduced anoxic sediment burial in marine basins.
Co-varying, My-scale δ34SCAS and δ13Ccarb positive excursions have been
interpreted to reflect pyrite sulfur and organic carbon burial during geologic
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periods of lowered sulfate concentration during the Late Cambrian (Gill et al.,
2007, 2011), Early Ordovician (Edwards et al., 2018), Late Devonian (Sim et al.,
2015), and Carboniferous (Kampschulte et al., 2001). These periods were
characterized by a relationship between anoxic events and biodiversity crises
(e.g., Gill et al., 2011) similar to the EPME (e.g., Wignall and Twitchett, 1996).
The timing of Lower Triassic δ34SCAS and δ13Ccarb shifts (~1-3 My) is too
long for an explanation regarding whole-ocean stratification and turnover events
as originally proposed by Holser (1977) to explain Early Triassic δ34S variation, or
by Isozaki (1997) to explain deep-water anoxic facies (e.g., Hotinski et al., 2001).
Recently, authors have emphasized the importance of the size and distribution of
the global oxygen minimum zones (OMZs) during the Early Triassic, which are
controlled by productivity, upwelling intensity, and SSTs (Algeo et al., 2010,
2011; Brennecka et al., 2011; Winguth and Winguth, 2012; Lau et al., 2016;
Elrick et al., 2017). Here, we propose a model for positive δ34SCAS and δ13Ccarb
shifts driven by expansion of OMZs, increased bacterial sulfate reduction, and
burial of reduced pyrite and organic carbon beneath the OMZ, with negative
δ34SCAS and δ13Ccarb shifts driven by riverine influx of oxidized continental
sulfides/sulfates during contraction of the OMZs (Fig. 9). In this sense, the
magnitude and rate of isotopic shift reflects the size and rate of expansion of the
OMZs, which are primarily controlled by productivity, upwelling, SST, and/or
nutrient runoff from the continents. While changes in the amount of anoxic
sediment burial beneath OMZs caused by sea level changes and variable
seafloor topography cannot be ruled out (e.g., Lau et al., 2016), no correlations
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were observed between positive δ34SCAS excursions and sea level changes
inferred from the western U.S. (Fig. 4) or eustatic sea-level changes (Embry,
1988; Haq et al., 1988).

Figure 9. Schematic model depicting expansion of global oxygen minimum
zones (OMZs) as the main paleoceanic driver for positive δ34S (and possibly
δ13Ccarb) shifts in global seawater (δ34SSW), and shelf carbonate-associated
sulfate (δ34SCAS) and gypsum (δ34Sgyp) during the Early Triassic.
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Comparison with Lower Triassic sea level, SST, and redox proxy data
Temporal correlations among western U.S. δ34SCAS and global δ18Oapatite,
interpreted to reflect changes in SST (Sun et al., 2012), redox conditions from
regional lithological proxies (Grasby et al., 2013; Tian et al., 2014), and
biodiversity records (Brayard et al., 2006; Orchard, 2007) are shown in Figure 10.
Early Triassic sea-level changes are interpreted from field data and previously
published eustatic sea-level curves (Embry, 1988; Haq et al., 1988). Results of
the comparison indicate that the Griesbachian positive excursion (GPE) occurred
during warming SST and rising sea level, whereas positive excursions during the
Dienerian-Smithian (DSPE) and Smithian-Spathian (SSPE) occurred during
cooling SST and falling sea level on the shelves. Previously published redox
proxy records from NE and NW Pangea indicate anoxic to dysoxic conditions
during the GPE, but indicate a range of oxic through anoxic conditions during the
DSPE or SSPE. The late Smithian is characterized by a biological turnover
event (Brayard et al., 2006; Galfetti et al., 2007b), a warming SST trend (Sun et
al., 2012), and an anoxic event (Grasby et al., 2013); however, the late Smithian
records among the lowest δ34SCAS values of the Early Triassic, indicating a
reduction of global anoxic sediment burial.
Results of these temporal correlations indicate that positive δ34SCAS
excursions occurred regardless of changes in SST, sea level, or redox
conditions; additionally, not all changes in SST, sea level, or anoxic events in
individual basins produced δ34SCAS excursions. Song et al. (2014) argued for
phases of global cooling resulting in increased coastal upwelling, productivity,
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and anoxia resulting in pyrite precipitation. Rather, positive δ34SCAS excursions
were the result of massive increases in SRB activity and pyrite precipitation and
burial in sediments beneath expanded OMZs, and not changes in global SST,
sea level, or regional anoxia.

Figure 10. Temporal comparisons of western U.S. δ34SCAS and δ13Ccarb data with
δ18Oapatite record (interpreted as a proxy for global SST; Sun et al., 2012),
lithological redox proxy records from Canada (NW Pangea; Grasby et al., 2013)
and Japan and South China (representing NW and NE Pangea; Tian et al.,
2014), and biodiversity curves for conodonts (Orchard, 2007) and ammonites
(Stanley, 2009). Lower Triassic stage boundaries and radiometric ages from
Burgess et al. (2014) and Ovtcharova et al. (2015). Western U.S. S and C
isotope data are assigned approximate ages, and a LOWESS regression line
(based on method of Cleveland, 1979) is fit to the data.
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CONCLUSIONS
1) The western US Lower Triassic δ34SCAS curve records three positive
excursions during the Griesbachian (19‰ increase; ~252-251 Ma),
Dienerian-Smithian (22‰ increase; ~251-250 Ma), and Smithian-Spathian
(22-34‰ increase; ~250-247 Ma). A coeval δ13Ccarb curve covaries with
the δ34SCAS curve.
2) The western US Lower Triassic δ34SCAS positive excursions are similar in
timing, magnitude, and δ13Ccarb covariation to a similar record from South
China, indicating the curves represent global seawater conditions and a
common oceanic driver for sulfur and carbon burial. Additional temporal
resolution across the Smithian-Spathian boundary in the western U.S.
data indicate the largest positive δ34S excursion occurs during/after a
marine extinction/diversification event.
3) The Lower Triassic marine δ34S curve is a global seawater proxy based on
similar timing of global isotope shifts, similar absolute values, and
correlation with the well-established global δ13C record. Positive δ34SCAS
and δ13Ccarb excursions track the relative amount of burial of pyritic
organic-rich shales in anoxic sediments under expanding and contracting
global oxygen minimum zones.
4) The timing of positive δ34SCAS excursions does not match regional redox
proxy records from continental basins, eustatic sea-level changes, or
global tropical SST changes, indicating that expansion/contraction of the
OMZs occurred regardless of anoxic events, sea-level, or SST changes.
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Inner-most shelf

San Rafael Swell
The San Rafael Swell study area is located in eastern Utah and includes
three measured sections along cliff sides: Cottonwood Draw (38° 56’ 53”N, 110°
37’ 1”W), Rod’s Valley (38° 45’ 35”N, 110° 48’ 16”W), and Iron Divide (38° 45’
24”N, 110° 42’ 27”W). The sections are located near previously described
sections (Goodspeed and Lucas, 2007), and Smithian ammonite locations
(Lucas et al., 2007b; Brayard et al., 2013). Microbial deposits observed in this
study are limited to a single section (Cottonwood Draw) at the base of the Sinbad
Formation, and consist of small domal microbial laminites (stromatolites; 5-10 cm
thick). In this area, the Sinbad Formation overlies the Black Dragon Formation
(10-30 m thick), which overlies the regional P-T unconformity. The Black Dragon
Formation contains fenestral microbial laminite interbeds that increase upward
toward the overlying Sinbad Formation at all three study sections; the basal
Sinbad Formation contains ooid- and sleketal- rich limestone, which overlie the
domal stromatolites at Cottonwood Draw.
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Inner shelf

Kaibab Gulch
The Kaibab Gulch study area is located in south-central Utah and includes
two measured sections along canon walls: Kaibab Gulch (37° 04’ 24”N, 112° 00’
12”W) and Telegraph Wash (37° 06’ 45”N, 112° 03’ 30”W). These sections have
not been reported in previous publications, and have no chronological
constraints; however, the Smithian stratigraphy is similar to that observed across
the study area. Microbial deposits observed in this study occur at the base of the
Timpoweap Formation and include a microbial boundstone interval (~8 m thick)
composed of 1-2 m mounds overlying a thin (~1 m) non-mounded microbial
interval, which overlies a thin (~1 m) Rock Canyon Formation above the regional
P-T unconformity. The microbial interval is overlain by a thin bed (<1 m) of
calcareous siltstone.
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Torrey area
The Torrey study area is located in east-central Utah and includes three
measured sections along canyon walls: Torrey (38° 16’ 27”N, 111° 22’ 43”W),
Fremont River (38° 15’ 30”N, 111° 22’ 46”W), and Sulphur Creek (38° 17’ 23”N,
111° 16’ 56”W). The sections are located near previously described sections
(Dean, 1981; Goodspeed and Lucas, 2007; Olivier et al., 2016), and Smithian
ammonite locations (Lucas et al., 2007b; Brayard et al., 2013). Microbial
deposits observed in this study occur at the base of the Sinbad Formation, and
include a microbial laminite interval (~3-15 m thick) composed of 1-2 m mounds
overlying a thin (~1 m) non-mounded microbial interval, which overlies the Black
Dragon Formation (~30 m thick) above the regional P-T unconformity. The
microbial interval is overlain by ooid and skeletal limestone and calcareous
siltstone.
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Middle shelf

Virgin River
The Virgin River study area is located in southwestern Utah and includes
three measured sections exposed along canyon walls: Virgin River (37° 12’ 02”N,
113° 13’ 11”W), Gypsum Creek (37° 11’ 45”N, 113° 13’ 21”W), and Rim Trail
Canyon (37° 11’ 41”N, 113° 14’ 27”W). The sections are located near previously
described sections (Nielson and Johnson, 1979; Lucas et al., 2007a; Olivier et
al., 2014), and Smithian ammonite locations (Lucas et al., 2007; Brayard et al.,
2013). Microbial deposits observed in this study occur in the base of the
Timpoweap Formation, and include a microbial boundstone interval (~5-15 m
thick) composed of 1-2 m mounds overlying non-mounded pebbly microbial
boundstone (0-10 m thick). Microbial deposits also occur in the underlying Rock
Canyon Formation (0-30 m thick), which overlies the regional P-T unconformity.
The microbial interval is overlain by ooid and skeletal limestone and calcareous
siltstone.
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Hurricane Cliffs
The Hurricane Cliffs study area is located in southwestern Utah and
includes four measured sections located in E-W trending washes: Rock Canyon
(36° 58’ 34”N, 113° 15’ 39”W), Cottonwood Wash (37° 01’ 19”N, 113° 16’ 23”W),
Workman Wash (37° 7’ 37”N, 113° 17’ 41”W), and Gould’s Ranch (37° 08’ 05”N,
113° 16’ 14” W). The sections are located near previously described sections
(Blakey, 1979; Nielson, 1991; Lucas et al., 2007a), and Smithian ammonite
locations (Lucas et al., 2007; Brayard et al., 2013). Microbial deposits observed
in this study occur in the basal Timpoweap Formation, and include a microbial
boundstone interval (~5-15 m thick) composed of 1-2 m mounds overlying nonmounded pebbly microbial boundstone (0-10 m thick). Microbial deposits also
occur in the underlying Rock Canyon Formation (0-30 m thick), which overlies
the regional P-T unconformity. The microbial interval is overlain by ooid and
skeletal limestone and calcareous siltstone.
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Kolob Canyons
The Kolob Canyons study area is located in southwestern Utah and
includes three measured sections located in E-W trending canyons: Wayne
Canyon (37° 29’ 50”N, 113° 12’ 03”W), Camp Creek (37° 30’ 09”N, 113° 11’
44”W), and Spring Creek (37° 31’ 09”N, 113° 10’ 51”W). The sections are
located near previously described sections (Blakey, 1979; Lucas et al., 2007;
Olivier et al., 2014). Microbial deposits observed in this study occur as a thin (~1
m) bed of non-mounded microbial boundstone at the base of the Timpoweap
Formation, and as thin interbeds (0.1-0.5 m) of non-mounded microbial
boundstone interbeds in the underlying Rock Canyon Formation (~3-30 m thick)
which overlies the regional P-T unconformity. The microbial interval is overlain
by ooid- and sleketal-rich limestone.
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Outer shelf

Mineral Mountains
The Mineral Mountains study area is located in central Utah and includes
one measured section located in a N-S trending canyon (38° 13’ 36”N, 112° 53’
17”W). This area has only recently been previously described by others (Brayard
et al., 2011; Vennin et al., 2015). Microbial deposits observed in this study occur
at the base of the Thaynes Group and include a thin (~1 m) non-mounded
microbial laminite interval overlain by a thick (~12 m) microbial boundstone
interval containing ~2-3 m mounds. The red siltstones underlying the microbial
interval contain thin (<10 cm) interbeds of fenestral lime mudstone, and the
microbial interval is overlain by ooid- and sleketal-rich limestone.

161

162

163

164

Pahvant Range
The Pahvant Range study area is located in central Utah and includes one
measured section in a canyon (38° 31’ 42”N, 112° 33’ 49”W). This area has only
recently been previously described by Brayard et al. (2013), which includes
detailed ammonite biostratigraphy. Microbial deposits observed in this study
occur at the base of the Thaynes Group and include a thin (~1 m) non-mounded
microbial boundstone interval with a covered base, and is overlain by ooid- and
skeletal- rich limestone.
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Distal Shelf

Confusion Range
The Confusion Range study area is located in west-central Utah, and
includes two measured sections: Disappointment Hills (39° 24’ 47”N, 113° 41’
21”W), which contains the P-T unconformity and overlying Smithian Thaynes
Group, and Cowboy Pass (39° 20’ 31”N, 113° 41’ 24”W), which contains the
Spathian Thaynes Group. The sections represent the thickest, most complete
record of the Smithian and Spathian, and have been previously described (Hose
and Repenning, 1959), with more recently published detailed ammonite
biostratigraphy (Guex et al., 2013; Brayard et al., 2013). Microbial deposits
observed in this study occur at the base of the Thaynes Group and include a thin
(<1 m) pebbly non-mounded interval overlain by a microbial boundstone interval
(2-4 m thick) composed of 1-2 m mounds. The microbial interval overlies a thin
(~1 m) Rock Canyon Conglomerate above a regional P-T unconformity, and is
overlain by ooid and skeletal rich limestone.
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Bear Lake
The Bear Lake study area is located in northeastern Utah and southeastern
Idaho, and includes two measured sections: Hot Springs (42° 07’ 17”N, 111° 15’
13”W) and Georgetown (42° 28’ 56”N, 111° 22’ 15”W). The sections represent
the thickest, most complete Lower Triassic record (~1 km thick) with the best
ammonite biostratigraphic control in the western U.S. basin (Kummel, 1943;
Jenks et al., 2013). The Smithian interval that corresponds to study locations in
central and southern Utah is predominantly thick offshore organic-rich calcareous
siltstone containing thin (0.5-2 m) skeletal limestone interbeds.
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